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Abstract

Li-ion batteries, as energy storage devices, have seen a remarkable improvement during
the last two decades. The first and second generation of the positive electrode materials for Li-
ion batteries, namely oxides and phosphates, were already known compounds in both in the
mineralogical and chemical literature before being examined for their electrochemical properties.
The latter compounds are known as the polyanion class of materials. Amongst them, the olivine
LiFePO,, which has a redox couple at 3.4 V vs Li, has been most extensively investigated due to
its ease of synthesis and non-toxic properties. However, the understanding of the material’s
electrochemical behavior, especially why it can sustain such very high rates of discharge, is still
not completely understood. Na-ion batteries, which operate on a similar principle as Li-ion
batteries, are a very attractive alternative due to a relatively higher abundance of the sodium in
nature. However, Na' ion is larger, heavier and less electronegative than Li* which significantly
impacts Na' intercalation behavior in transition metal oxides and polyanion materials. As a
result, the search for suitable electrode materials for Na-ion battery has not been as successful as

for Li-ion battery.

An alternate family of “high” voltage (where the equilibrium voltage lies between 3.6 V
and 4.2 V) polyanion cathode materials is reported in this thesis with the objective of improving
specific energy density (Wh/kg) and developing a better understanding of polyanion
electrochemistry. The electrochemical properties, synthesis and the structure of novel
fluorosulfate materials crystallizing in the tavorite and the triplite type mineral structures are
described. These materials display highest discharge voltages reported for any Fe?*/Fe®* redox
couple. LiFeSO4F was prepared in both the tavorite and the triplite polymorphs using

inexpensive and scalable methods. Complete structural characterization was performed using X-



ray and neutron based diffraction methods. A rapid synthesis of fluorosulfates can be achieved
by using microwave heating. The local rapid heating created by the microwaves generates
nanocrystalline LiFeSO4F tavorite with defects that induce significant microstrain. To date, this
IS unique to the microwave synthesis method. Phase transformation to the more stable triplite
framework, facilitated by the lattice defects which include hydroxyl groups, is therefore easily
triggered. The formation of nanocrystalline tavorite leads to nanocrystalline triplite, which
greatly favors its electrochemical performance because of the inherently disordered nature of the
triplite structure. Direct synthesis of the electrochemically active triplite type compound can be
carried out either by extending the duration of the solvothermal reactions or by the partial
substitution of Fe by Mn to produce LiFe;xMn,SO4F. This study, overall, has led to a better

understanding of the transformation of tavorite to the triplite phase.

To examine Li and the Na ion conduction and their correlation with the electrochemical
performance of 3-D, 2-D and 1-D ion conductors, atomistic scale simulations have been used to
investigate tavorite type LiFeSO4F, NaFeSO,4F, olivine type NaMPO, (M= Fe, Mn, FeosMngs)
and layered Na,FePO4F. These calculations predict high mobility of the Li-ion in the tavorite
type LiFeSO4F but sluggish Na-ion transport in iso-structural NaFeSO4F. High mobility of the

Na-ion is predicted for phosphate layered and olivine structures.

Finally, the synthesis and structural details of NaMSO4F (M=Fe, Mn) and NH;MSO4F
(M=Fe, Mn) are presented in the last chapter to show the structural diversity present in the

fluorosulfate family.
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Chapter 1

Introduction

1.1 Energy Storage

Due to an increased emphasis on the production and use of pollution free energy along with
the tremendous growth pattern in many developing countries, the demand for electrical energy
storage is projected to double by 2050.* The current energy distribution and storage system will
not be able to fulfill these requirements. Additionally, fossil fuel based energy sources create
environmental problems and now it is widely recognized that any future energy scenario must
exclude environmentally unfavorable options.” Nuclear energy is increasingly recognized as
unsafe, and geothermal energy can be harnessed only at certain locations. The most abundant and
unused energy sources are wind and solar energy but they need to have a strong backup of
energy storage to become a reliable source of supply. Energy storage will be required in a
modern grid system for load leveling. Powerful energy storage systems are also needed to power
the next generation of electric and hybrid electric vehicles. Here, the requirement is urgent due to
the threats of environmental instability. Each of these requirements imposes certain restrictions
on the mode and methods of energy storage. Unlike mobile devices, grid scale storage places less
emphasis on the energy stored per unit of weight,® but stability requirements are more stringent.
A long stable life, high specific energy density and lower cost are all considerations that must be

explored for the replacement of fossil fuel driven automobiles.*

Technological innovations, in combination with fundamental scientific discoveries of the

last two decades, have created an enormous change in energy storage and how it is used in our



daily life. Today, all electronic gadgets are powered by batteries. Indeed, it is the success of
batteries in small scale energy storage which has caused them to be looked upon as the likely,

and perhaps the only, solution to the current energy storage crisis.

Among these, Li-ion batteries currently dominate the energy storage market because of their
light-weight and high specific energy density. Na-ion batteries operate on the similar principle as
Li-ion and they are projected as the best candidates for the grid scale storage. The development

of some of the positive and negative electrodes for these battery systems are described below.

1.2 Li-Based Batteries

The most electropositive and the lightest metal in the periodic table, lithium is found in
nature in the form of two isotopes °Li and ’Li. The most abundant isotope Li is about 92.5% of
all atoms. Lithium has high mobility in many inorganic solids and can be easily and reversibly
intercalated in many complex 1-D, 2-D and 3-D structures. In a Li-metal battery (or Li-battery),
the negative electrode is Li metal and the positive electrode is generally a crystalline material
which can reversibly intercalate Li* ions. Li is deposited or stripped from the negative electrode
during the charge and discharge. In a Li-ion battery, both the electrodes are intercalation
materials. Electrolytes generally contain a Li-salt in an organic solvent to ensure good
conductivity of Li-ions as well as wide electrochemical stability window. Figure 1.1
demonstrates schematic energy diagram in the electrodes and the electrolyte of a Li (ion) cell.
The difference between HOMO and LUMO electronic states of the electrolyte provides a region
where no electron transfer can take place between electrodes and the electrolyte which is an
essential criteria for the thermodynamic stability of the cell.* This means that the Fermi level of
the electrodes must lie within the this gap Eg of the electrolyte (Figure 1.1). Therefore, the

maximum voltage of a Li (ion) cell is limited by the electrolyte and determined by the Fermi



energy level of the electrodes. The difference between the Fermi level (or work function) of the

two electrodes is the voltage of the cell (e is the magnitude of electronic charge and ¢ the work

function):

AV = (¢positive-e|ectr0de - ¢negative-electrode)/ e

Energy

SEl
¢+ H/H:

A

El Voc

Oxidant Reductant

Electrolyte

Figure 1.1 Schematic energy diagram in a working Li-ion battery.4 E. and E, represent
conduction and valence band of the electrolyte respectively; Eg represents the difference
between HOMO and LUMO in the electrolyte; ¢. and ¢, are the work functions of the cathode

and anode respectively and V is the voltage of the cell. SEI represents the solid-electrolyte

interface.

As shown in Figure 1.2, Li-ion cells can be assembled in cylinder, prism and coin

geometries. Plastic Li-ion technology provides the added advantage of flexibility. The following



sections provide a detailed structural and electrochemical description of the Li-ion battery

electrode materials with added emphasis on the positive electrode.
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Figure 1.2 Various Li-ion cell assemblies®: a) cylindrical cell, b) prismatic cell , c) coin cell

and, d) aflexible cell made of plastic electrodes and electrolyte

1.2.1 Positive Electrodes

Intercalation chemistry is at the root of the current generation of Li-ion batteries.
Intercalation based positive electrodes were first developed during the early 1970s. It was
observed that the electron donating elements, such as lithium could be intercalated in
chalcogenides (MS,, M=Ta, Ti) and it leads to change in the properties of the compound.® TiS,
was better choice due to its lighter weight and semiconductor properties.”®*® TiS, adopts
hexagonal anion packing, and Ti is located in the octahedral site between alternating sulfur

sheets. The structure is stabilized by partial covalent character of S and van der Waals forces



between S-S layers. Intercalation of the Li-ion reversibly occurs over the whole composition
range Li,TiS, (0< x <1) in a single phase reaction.™* Such electrochemical results are normally
reported in a charge-discharge curve as shown in Figure 1.3. The ease of intercalation permitted
deep discharge over 1000 cycles with less than 0.05% loss in each cycle. Exxon marketed this
technology with LiAl negative electrode and TiS, positive electrode as button cells. The
competitive disadvantage of a Li-battery with TiS, as the positive electrode material soon
became clear after it was revealed that Li forms dendrites on the negative electrode side upon
cycling which leads to unsafe battery operation. Replacement of the Li-metal as the negative
electrode meant that the voltage of the full cell with TiS, positive electrode was low and the
specific energy density lower than the Ni-Metal hydride system. Later Haering et al. *

introduced modified layered MoS; structure in the market and Moli energy commercialized Li-

cells based on these positive electrode.

h

Voltage vs. Li/Li*
T

76th Cycle
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0.3 0.6 0.9
X in Li TiS,

Figure 1.3 Electrochemical charge-discharge curve of Li,TiS,"



TiS; is a semiconductor and therefore the Fermi energy level of the compound is very
close to the top of the valence band (S* : 3p°). One way to increase the voltage of the cell is to
replace Ti with transition metals that display lower Fermi level. This can be achieved by using
high valence redox couples. However, high valence chalcogenides of first row transition metals
are not stable. As an alternative, the subsequent decade saw the development and
commercialization of the Li-ion battery system based on layered oxides which are described

below in detail.

Layered V,0s5 was the first oxide positive electrode investigated for intercalation of Li

ionslli415

in 1976 and since then it has remained an active area of research for many research
groups across the world. The gravimetric capacity of this compound is very high due to low
molecular weight of the compound. Substantial structural changes are observed as Li is
intercalated in the structure (V,0s => LikV,0s5) and these are summarized in the charge-
discharge curve of Figure 1.4. The initial a-phase (x < 0.1) changes to the e-phase as
intercalation progresses (0.35 < x < 0.7) and at x = 1 the structure changes to the & polymorph.
Intercalation beyond one lithium irreversibly transforms the structure to the y phase (for x < 2.0).
Li3V,0s adopts yet another structure (rock salt type) known as the o-phase'* (Figure 1.4 and
Figure 1.5). This latter phase can intercalate 3 Li atoms reversibly and displays solid solution

behavior over the whole intercalation range. However all of these phases show poor capacity

retention upon cycling.
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Figure 1.4 Electrochemical charge-discharge curve of Li,V,0s
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Figure 1.5 V,05 framework transformation on initial Li insertion; red polyhedra represent VOs
square pyramids. Note that the Li atoms have been removed. Drawn with VESTA using CIF

files obtained from ICSD database.

Layered lithium transition metal oxides (e.g. LiCoO,) adopt cubic packing of the anions.
The Li" ions occupy the octahedral sites between the anion sheets similar to LiTiS,. Among all
the transition metal analogues, LiCoO," adopts the most cation ordered structure. The layered
LiFeO, cannot be directly synthesized and LiNiO, forms with considerable cation disorder which
negatively impacts its electrochemical performance. Goodenough et al. proposed LiCoO; as the
positive electrode for Li (ion)-batteries in 1980 (Figure 1.6 and Figure 1.7). Substantial

rearrangement of the anion stacking occurs upon Li-removal from LiCoO,. The initial



delithiation is followed by an elongation in the interlayer c-axis due to an increased repulsion
among the oxygen layers.}”*#% Subsequently an order-disorder transition occurs®® at x ~ 0.5 and
the final transition occurs through an intermediate Lig1,C00,.2?" The half-lithiated composition
LiosC00;, can also form as a metastable spinel phase and traces of the spinel phase are seen after
extensive cycling.?? Almost completely delithiated material LioosC00O, adopts a TiS,-like
structure.?® Although full Li-extraction from LiCoO, gives a very high gravimetric capacity, only
approximately half of that is reversible due to the instability of the completely delithiated
structure. The capacity loss upon cycling is substantial after extraction of more than 70% lithium.

The SONY corporation commercialized this technology®*® in 1990.

In 2005-06 several batteries were reported to catch fire during operation and the SONY
corporation announced that it would recall about 340,000 batteries due to safety fears.?® One of
the main reasons, for this incident, was found to be the loss of oxygen from the lattice framework
of LiCoO, on deep charge followed by the reaction between the electrode and the electrolyte 2
The incident highlighted an important drawback in the cobalt based layered metal oxides. As the
Co (electronic configuration: 3d° : ty,’e,” ) is oxidized, because of the closeness of the “to3” level
of the metal and “p” level of the oxygen (Figure 1.8), the oxygen starts giving up the bonding
electron and migrates to the surface?® where it may react with the electrolyte at higher
temperatures.*>-31.32 A study done by Chembiam et al.® indicates that no oxygen evolution
occurs until the average Co oxidation state reaches 3.35 after which the extraction of Li is not

accompanied by the increase in the oxidation state, indicating a loss of oxygen from the lattice.

Therefore, to maintain the chemical stability, LiCoO, cannot be fully charged.
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Figure 1.6 View of the structures of a) LiCoO, and b) LiTiS; in a plane perpendicular to

b-axis. Black atoms represent Li ions, red-oxygen, yellow-sulfur and blue and cyan -

transition metals. Drawn with VESTA using CIF files obtained from ICSD database.
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Figure 1.8 Density of states vs. energy diagram of LiMO,*°

To remove the oxidative instability associated with the Co-based compounds it was
suggested that compounds, in which either “t,4” band is much above “p” band of oxygen (ex.:
Mn) or electron population is higher (ex : Ni), should be used instead of Co. Ni** (3d") has one
electron (t296egl) in the ey orbital in the low spin configuration (Figure 1.8) which is higher in
energy than the O-2p level and therefore oxygen is not released from the lattice framework even
under deep-charge conditions. However, pure LiNiO, is slightly cation disordered when
synthesized using conventional methods due to the tendency of Ni-ions to enter the Li-layer
which effectively reduces the Li-diffusion coefficient and hence adversely impacts the power
capability of the cell.** The Co and Al substituted LiNiO, have been studied in more detail
where Co prevents the Ni migration to the Li-layer and Al is electrochemically inactive
preventing the complete removal of the Li.*> Study of the samples obtained via chemical
delithiation of LiNiggsC00150, show a linear increase of the oxidation state of the Ni with the
degree of Li-extraction from the sample providing strong evidence that the oxygen evolution
does not occur in this system until very low lithium content.® However thermal stability of the

charge material in both cases (LiNiO, and LINiggCo0020,) has been shown to be much lower
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than charged LiC00O,.*® Manganese is abundant in nature and costs less than 1% of Co, hence Li
containing manganese oxides are some of the least expensive positive electrode materials.
However, ordered-layered LiMnO, could only be synthesized by ion-exchange®” from the

isostructural NaMnO,.

LiNixyMn,Co,x0, (NMC) is a high capacity and high voltage electrode material with
excellent safety characteristics. In particular, the material, LiNi1sMny3C0130,°%%° has become
one of most successful positive electrode material for Li-ion batteries. In this compound, the
oxidation states of Ni, Co and Mn are 2+, 3+ and 4+ respectively. Such oxidation state
distribution leaves Mn inactive during the charge process; Ni?* oxidizes to Ni** upon charge and
Co** becomes Co**; thus enabling the removal of one lithium per transition metal on average.*®*
This leads to a very high reversible capacity. In addition, Mn** acts as a pillar in the structure and
only a maximum unit cell volume expansion of 2% is observed after the removal of 70%
lithium.***® Induction of Co in the structure reduces cation disorder and an excellent rate

414,454,

capability is observe 4148 The charged material shows very good tolerance towards

49,50

oxygen release which makes it a very safe material. NCM positive electrodes are being

rapidly commercialized in the current generation of Li-ion batteries.

Like lithium containing layered oxides, spinels (general composition: AB;X,) also form
with cubic close packing of the anions and the cations occupy either the octahedron (cation B) or
tetrahedron (cation A) site. Thackeray et al. have studied®°2°*** these compounds (ex: FesOs,

Mn3O,4 and LiMn,0,) in great detail and the main conclusions are as following:

1. Li can be reversibly inserted in Fe3O4 (inverse spinel). The Intercalated Li-ion occupies

the empty octahedral site (16c) and displaces Fe®* ions from the tetrahedral (8a) site to

11



empty octahedral site (16¢) but the Fe3O, framework of the spinel structure remains
intact.

2. The interstitial space formed by the Fe;O, framework and comprising of vacant
octahedral and tetrahedral sites provides a 3-D conduction pathway for the Li-ions

3. Li intercalation in Mn3O4 follows a similar process and LiMn3O, is isostructural to
LiFes0,.

4. Lican also be intercalated in LiMn,O,4 (Figure 1.9). However, unlike Fe3O4, intercalation
of the additional lithium on the neighboring octahedral site does not lead to any site
reconfiguration in the parent framework. Electrochemically this process occurs at 3 V
(Mn**/Mn**, Figure 1.10). However, the cooperative Jahn-Teller distortion forces phase

separation in the system beyond the intercalation of 0.2 Li.*?

Hunter et al. reported direct formation of the Mn,0, spinel framework (A-MnQ;) obtained by
acid treatment of LiMn,O, in 1981.> This study proved that tetrahedrally coordinated Li can be
topotactically removed from the spinel-LiMn,O,. Electrochemically, this process occurs at 4 V.
Two different voltages for the same active redox couple (Mn*’Mn*") in the spinel-LiMn,O4
underline the role of Li-coordination in determining the voltage (Figure 1.10). Subsequently,
LiMn,O, has been studied®®*"*® with great interest by various groups due to the ease of its
synthesis, environmental benignity and abundance of Mn in nature. However, after long term

cycling, some problems occur which are described below:

1. Dissolution of the Mn from the spinel, particularly if the electrolyte is slightly acidic.
Since only Mn?* ions dissolve under acidic conditions, the process is expected to
occur via disproportion reaction of Mn®** to Mn** and Mn**.

2. Delithiated spinel is unstable in the presence of the organic electrolyte.

12



3. Overcharge during the cycling can lead to excess of Mn** on the surface and hence a

strained structure due to Jahn-Teller distortion of the Mn®".

' §-9_0-0_
© .0 0 0
0000
Qo000
© o©
o000

Figure 1.9 a) Unit cell of spinel LiMn,O,4 projected on a 2-D plane, b) framework
showing Li —ion diffusion channels (projected along [110]). Pink atoms represent Mn,

red-O and black-Li Drawn with VESTA using CIF files obtained from ICSD database.
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Figure 1.10 Electrochemical charge-discharge curve of LixMn,0,%°
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To avoid the problems associated with Jahn-Teller distortion, substitution of Mn** by
subvalent cations has been extensively explored. Substitution with divalent cations such as Mg,**
Zn,®! Co® and Ni®* ® ® in LiMn,0, reduces the amount of Mn®" in the material and hence the 4
V capacity of the material decreases. Doping of more than 50% divalent cation forces all the Mn
to the tetravalent form and hence no Li can be extracted from these compounds. However the
composition LiMn'"1sNi'os04 displays an interesting electrochemical activity at 4.7 V.
Subsequent investigations have revealed that this voltage plateau can be attributed to direct
oxidation of the Ni?* to Ni**.** Li substitution on the Mn site yielding the general chemical
formula Li [Mn,«Lix]O4 has been reported to successfully stabilize the capacity retention with

slightly less capacity.®*

Figure 1.11 Li-Mn-O Phase diagram.®® An expanded view of the phase triangle MnO-Li,MnO3-

A-MnO; is shown on the right.

Figure 1.11 shows the Li-Mn-O phase diagram with an expanded view of the important
phases displayed on the right taken from the work of Thackeray et al.®® The phases on the tie
line formed by connecting the compounds Li,O and MnO, are of particular interest. Closer to the

MnO, compound is LisMnsO1, or Li [Mn-1/3)Li13]O4 i.€. a Li-rich spinel with only tetravalent
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Mn ions. This material can be discharged to LigsMnsOq, at 3 V. Li,MnOs is another important
composition in the Li,O-MnO; (1 Li;O- 1 MnO,) tie line. It shows interesting electrochemical
activity upon charge to 4.6 volts despite the fact that all of the Mn is in the tetravalent state. The
compound can be classified as possessing an ordered rock salt type structure. However due to
cationic ordering the structure is classified in monoclinic space group C2/c.®® Unusual
electrochemical activity has been reported due to the release of oxygen from the structure, which

is an irreversible process.

Iron-based compounds are amongst the cheapest and some of the least toxic materials,
and therefore best suited, for large scale energy storage (electric vehicles and grid scale). The
difficulty of synthesizing the layered LiFeO, and an impractically high voltage of the Fe**/Fe**

67,6869 /arious

redox couple in these compounds prompted Goodenough et al. to investigate
polyanion based iron compounds for Li intercalation during 1990s with the general formula
Li,Fep(XO4)c (X=S, P). Based on the electrochemical and structural characterization of several

Fe-based phosphates and sulfates, the following rules were suggested for mapping the redox

energy (voltage) of Fe?*/Fe** couple in a polyanion based compound:

1. (XOg4)" polyanion based compounds adopt framework structures which provide facile
channels for Li ion conduction.

2. In a given framework, as covalent mixing at the iron from Fe-O bond decreases, the
energy of the corresponding redox couple also decreases causing an increase in the
voltage. Therefore, the energy of a given redox couple can be tuned by selecting the
appropriate X cation. As the electronegativity of the X cation increases, the transition

metal faces more competition for covalent mixing with oxygen. As a result, when
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phosphates are replaced by sulfates and if this is not accompanied by a change in the
structure, an increase of 0.8 V is observed for Li,Fe,(XO4). compounds (Figure 1.12).

3. The redox energy can also be tuned by changing the Fe-O-X connectivity (i.e.
changing framework, Figure 1.12).

4. Introduction of the polyanion in the framework increases the distance between
transitional metal atoms resulting in a decreased electronic conductivity.

5. LiFePOy crystallizing in the olivine type mineral framework displays the highest

redox voltage (Fe?*/Fe®*") among all Fe-phosphate frameworks.

The olivine type M,XO, structure has M atoms in half of the octahedral sites and X
atoms in 1/8" of the tetrahedral sites in a hexagonally close packed lattice of oxygen atoms
(Figure 1.13). Therefore it is the HCP analogue of X[M]O, spinels. For smaller X cations such
as P>* B* and Si*" the olivine type structure is preferred over the spinel type. In LiFePO,
cation-cation Coulombic repulsion causes a distortion of the HCP array of anions. Fe forms a
chain of corner shared FeOg octahedra along the c-axis and shares 2 edges with LiOg octahedra.

It also shares one edge with the PO, tetrahedra.
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Figure 1.13 Atom distribution in the a) unit cell of olivine LiFePQy,, b) framework showing Li-
ion tunnels. Grey atoms represent Fe, light pink- P, red-O and black-Li; Drawn with VESTA

using CIF files obtained from ICSD database.
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Figure 1.14 Electrochemical charge-discharge curve of carbon coated LiyFePO,.”
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Initially LiFePO, was predicted to be a replacement electrode in batteries only for low
power applications due to its poor electronic and ionic conductivity. However, this material has
displayed some of the highest charge and discharge rates, achieved by post processing of the
material to either tune the electronic or the ionic conductivity.” These and many other
interesting properties of LiFePO,4 have been followed with a great interest in the past decade
resulting in more than 3000 peer-reviewed publications. The main discoveries and ensuing

discussions are summarized below:

1. The intrinsic material can be coated with a conductive carbon by using organic

"L72830r conductive inorganic materials™ during the synthesis. The

precursors
coated material displays much better reversible gravimetric capacity and power
capability.” The positive effect is mainly attributed to the increased electronic
conductivity.

2. Better electrochemical properties can also be obtained by reducing the primary
particle size.”® This results in a shorter Li-diffusion distance and hence improved
kinetics of the de/-intercalation process.’’

3. Charge conduction in the material occurs through a polaron-hopping’® mechanism
and the olivine type structure restricts ion-conduction to only one direction.”
However, the presence of defects can force 2-D ion conduction in the material.2°

4. Li-intercalation in the micro-sized material occurs via two phase boundary
formation with FePO, and LiFePO, phase separating after 5-10% Li de/-
intercalation (Figure 1.15).822 Miscibility of the two phases can be increased by

reducing the particle size and below ~50nm, these are completely miscible in to

each other.®3® Complete miscibility can also be achieved by raising the
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temperature to above 350°C. Some reports also suggest that a dynamic
intercalation process occurs through a non-equilibrium path which does not
involve formation of two separate phases.®

5. LiMnPO, also crystallizes in the olivine type structure and charge-discharge in
this compound occurs at an average of 4.1 V.2 However the electronic and ionic
conductivity is poorer than LiFePO4.%

6. Mixed olivines LiFe;xMn,PO,4 have also been studied in good detail due to higher
theoretical specific energy density. LiFeo,MnogPOs recently® has been
demonstrated to be a high specific energy density positive electrode material with
a very stable cycling capacity. High power density was also achieved for carbon

coated material

Fully charged

FePO,

1 Dischurg

Single phase
region

Discharge

Two phase region  Single phase
region

Fully discharged
Figure 1.25 Charge-discharge mechanism in a spherical LiFePO, particle®

Silicates are abundant materials in the earth’s crust and easily form various transition metal

silicates.®® Due to higher charge/weight ratio, polyanionic materials with (SiO4)™ as the anion
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group provide higher specific energy density than phosphates of similar composition.”* In
addition, common lithium transition metal silicates of general composition Li;MSiOs (M=
transition metal), accommodate two lithium per transition metal. Therefore, theoretical
gravimetric capacity is very high. However, the voltage for Li,FeSiO, is lower than LiFePO,
because of the inductive effect and a different framework. During the last decade, the silicate
compositions Li,FeSiO4 and Li,MnSiO4 have been studied in great detail. Li,MSiO,4 (M=Fe,
Mn) adopt tetrahedral structures based on the framework of the LisPO, type (B or y).** These
structures are made by distorted HCP packing of the oxides (tetragonal packing) within which
half of the tetrahedral sites are occupied by Li and transition metals such that no two tetrahedra

share faces with each other.®

Li,MSiO, frameworks can be broadly divided into the B and y-types. The main conclusions

regarding their polymorphism and structural preference are summarized below:%*9>9.97:98.99,100.101

1. B-LiyFeSiO,4 can be synthesized at 700°C and its framework contains chains of
LiO, tetrahedra which connect to parallel chains of the alternate FeO4 and SiO4
tetrahedra via edge sharing. Synthesis at 800°C yields vys-LioFeSiO,4 (space group
P21/n) in which LiO, tetrahedra are corner shared. Synthesis at 900°C results in
the formation of the Y’ polymorph (space group : Pmnb) which differs from the
B-polymorph (space group : Pmn2;) in the orientation of the tetrahedra.
Hydrothermal synthesis yields an ordered Bj-polymorph (space group : Pmn2,).
In addition, Bruce et al. have recently identified another structure designated as
inverse-B;; in which Li and Fe atoms display mixed site occupancy.”® The “Y”

polymorphs are, in general, more stable at higher temperatures.
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Figure 1.36 Electrochemical charge-discharge curve of carbon coated Li,FeSiO,4

2.

Li,MnSiO,4 has been studied extensively due to its higher intercalation potential
than Li,FeSiO,4 along with the possibility of extracting two Li from the structure.
It also adopts LisPO, based tetrahedral structures like Li,FeSiO,. However, after
few cycles, Li,MnSiO,4 has been reported to become largely amorphous which
results in rapid capacity degradation.

Li,CoSiO, has also been reported and structurally and electrochemically
characterized. Hydrothermal synthesis at 150°C vyields the Bj-polymorph (space
group: Pmn2;). Heat treatment of the B;-polymorph at 700°C results in a phase
transformation to the f; —polymorph (space group : Pmn2;). Another polymorph
Yo (Space group: P2;/n) appears when [, is heated to 1100°C and quenched. No site
mixing is observed in the yo polymorph. Attempts of reversible intercalation of Li
in Li,CoSiO4 show very poor electrochemical activity in the sample, mostly due
to electrolyte instability associated with its high redox couple (Co**/Co%") which

isover4.8 V.
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The electrochemical performance of Li,FeSiO4 has been reported extensively and stable
cycling has been achieved for reversible intercalation of one Li in the structure. However, the
voltage is quite low which results in inferior specific energy density compared to olivine type
LiFePO,. The reversible intercalation of two Li in the structure has been demonstrated in one
report but the capacity fades quickly after few cycles.’®® The capacity fade is even more severe
in the case of Li,MnSiO4. The presence of Fe*" or Mn*" in the charged material was not
confirmed in this report.'®® The capacity fade in tetrahedra based structures can be understood by
invoking the preference of transition metal of “d*’ electronic configuration for octahedron
coordination. Topotactic removal of one or two lithium respectively from Li,MnSiO, or
Li,FeSiO, results in tetrahedrally coordinated Mn®" or Fe*". Both of these ions contain 4
electrons in the “d” band and therefore tetrahedral coordination is very unstable configuration

which leads to amorphization and consequently capacity degradation after few cycles.

In order to overcome the inherent structural limitations imposed by the olivine type
LiFePO4 on Li-ion conductivity, modification of the structure using the F polyanion has been
proposed.'®*1% |iFe**PO,F adopts a triclinic structure similar to mineral “tavorite” found in
nature as LiFePO, (F, OH).'® In this case, the modifier F~ opens up the structure which allows
multidimensional pathways for Li-ion diffusion. Instead of edge sharing, polyhedra are now
corner shared. Such connectivity among polyhedra provides two intersecting tunnels in the
structure in which Li ions are located. LiVPO4F adopts a similar structure. Both of these
materials display very good capacity retention upon cycling. LiVPO4F can be further charged at
an average voltage of 4.05 V with 90% reversibility at C/10 rate.*®’ LiFePO4F cannot be charged

further due to difficulty of obtaining Fe** within electrolyte stability range. However, discharge
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to Li,FePO,F occurs at an average of 3 VV with very good capacity retention.’?*!% The fact that
these excellent electrochemical results could be obtained without any size reduction efforts
confirms that tavorites are very good ionic conductors. Low voltage of intercalation for

LiFePO4F, however, renders it less desirable than LiFePO,.
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Figure 1.17 Electrochemical charge-discharge curve of Liy.FePO,F.*®

1.2.2 Negative Electrodes

In a Li-metal battery, Li metal itself is used as the negative electrode. Li* ion is deposited on
the Li metal sheet and stripped from it during charge and discharge respectively. However, after
few cycles lithium does not deposit uniformly leading to dendritic growth of the metal and short
circuit of the cell.™®** Due to serious safety issues, use of Li-metal as a negative electrode has

been discontinued for any scalable assembly of batteries.

Carbon based materials are the most popular negative electrodes used currently in
commercial Li-ion batteries.™*>*3* Naturally occurring graphite intercalates Li at 0.1-0.2 V vs.

Li/Li* between the carbon layers. It displays much higher theoretical and practical gravimetric

24



capacity than the common positive electrode materials due to the lighter weight of the
carbon.’>® The fully intercalated composition can be written as LiCg Where the intercalation
occurs through various intermediate compositions.™*” Comparatively lower volume expansion of
the graphite during the intercalation process is a major advantage of this material. Other forms of
carbon have been suggested to improve the gravimetric capacity further. Disordered carbon, for
example, may increase the capacity by interfacial reaction with lithium instead of intercalation
only between the layers.'* Porous carbon can also increase the interfacial capacity during

charge-discharge.

Li-metal alloys have been extensively investigated as negative electrode materials for Li-ion
batteries.**®*%2% Many of the group 4 and 5 metals and semimetals can be alloyed with lithium
during the electrochemical process or by using solid state synthesis methods. These materials
provide very high specific energy density and react with Li at low potential vs. Li/Li*. However,
their most common problem is the large volume expansion observed during the Li de/-
intercalation. Several approaches such as nano-sizing, using a second matrix and alloying with a
third electrochemically inactive component have been employed to overcome the huge volume

change.’® However, these result only in partial success.

Silicon is one of the most abundant elements on the earth. It reacts with Li at 0.6 V vs. Li/Li*
and therefore can be used as a negative electrode material.*? Lithium can be alloyed with silicon
up to 4.4 atoms of lithium per silicon atom leading to a final stoichiometry of Li,,Sis.*** Such a
high Li to Si ratio results in about 10 times higher gravimetric capacity than graphite.***
However, the unit cell volume of the Si expands by about 400% during the electrochemical
reaction and therefore rapid capacity degradation is observed during cycling of the cell.**®> The

issue of large volume expansion has been addressed by essentially two basic approaches: the first
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126 and the second is to use a

is to modify the morphology of the silicon (e.g. silicon nanowires),
carbon matrix to confine the Si and provide greater electronic conductivity.?”*?® More than 80%
capacity retention after 100 cycles has been achieved using Si/C composites.'® Crystalline Si
undergoes solid state amorphization upon initial reaction with lithium which exhibits
homogeneous volume expansion. However, upon further lithiation, a crystalline phase of
composition Li;sSis precipitates.”******32 Silicon nanowires, however, show absence of any
crystalline phase in the lithiated silicon even after deep charging®®* which enables the material to

display greater capacity retention with high gravimetric capacities.****°

Among other materials, LisTisO1, has been studied in great detail for reversible intercalation
of Li.**® The compound crystallizes in the spinel structure and the octahedral sites are shared by
1/3 Li and 5/3 Ti, while rest of the Li is located on the tetrahedral sites. Reversible intercalation

of Li* in the material occurs at 1.55 volt.**’

This material provides very stable cycling capacity at
very high rates, however, its high intercalation voltage results in lower specific energy density

compared to intermetallics and Si.

1.3 Na-ion batteries

Na is a much more inexpensive alkali metal than Li, in addition, it is only slightly more
electropositive than Li (difference ~0.3 V). Hence replacing Li with Na is an attractive option for
the batteries where a slight loss in specific energy density is acceptable with a decrease in the
price. Na-ion batteries operate on the similar principle as Li-ion batteries and many similar
negative and positive electrode combination pairs can, at least theoretically, provide moderate to
high specific energy density.™*®*3 In the last 20 years various structures and compositions have
been proposed and examined as negative or positive electrode materials for Na-ion batteries.

Some of them are summarized below.
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Due to similar operating principles and criteria, most of the Na-ion positive and negative
electrode materials/structures are similar to those extensively researched for the Li-ion cells.
NaMnO, can be crystallized in either the o (monoclinic) or f (orthorhombic) polymorphs.**® The
first report of the electrochemical behavior of both of these polymorphs was published as early
as 1985, showing reversible intercalation of 22% and 15% Na in o or B polymorph
respectively. Recently, much improved reversible capacities (~200mAh/g, ~80%) have been
reported for the monoclinic a-phase.*** Unlike LiMO,, charging of NaMO; takes place in several
voltage steps. This is due to the formation of various stable intermediates of NaxMO;
composition during the process. As a result of the Na-vacancy ordering and the simultaneous
gliding of oxygen layers during cycling of the material, and a large hysteresis is observed
between the charge and discharge. Due the relatively large ion size, however, Na* does not
migrate to the tetrahedral coordination during the cycling and therefore unlike LipsMnO,,
NagsMnO; does not convert to the spinel phase. NaxCoO, may adopt any of the O3, P2 or P3
type structures depending on the value of x.}**** Here, O and P respectively represent the
structure with octahedral or prismatic coordination polyhedra around the Na and the numbers 2
and 3 represent count of CoOg sheets in one unit cell of the structure.**® NaggC00 is the easiest
to synthesize and it crystallizes in the P2 type phase. Sodium intercalation in this material also
results in many intermediate compositions and many steps are seen in the charge-discharge
curve. Among mixed layered oxides, NagesC0066Mng 3302 has been examined most thoroughly
and shows solid solution behavior except for one intermediate at NagsC00gsMng3302.M%
Nao.44MnO, adopts an orthorhombic crystal structure with MnOg octahedra and MnQOs square
pyramid coordination polyhedra as building units.**®*" Na insertion is fully reversible between

0.25 to 0.65 Na content in the overall composition. Reversible Na-insertion in single crystal
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nanowires of the material has been demonstrated up to 1000 cycles with very good capacity
retention.'*® P2- type Na,[FeosMngs]O; has been recently explored in detail and it displays very

promising electrochemical behavior.!41*°

Among polyanionic materials, NASICONs (Natrium Super lonic Conductors) have been
extensively studied as Na-ion cell positive electrodes.™® > Most important of these is
NasV,(PO.)s. Na can be extracted from this material at 3.4 V (V¥*/V*") or inserted at 1.6 V.
Therefore it can be used as either negative or positive electrode. Sodium vanadium
fluorophosphates are another class of attractive positive electrode materials for Na-ion batteries.
Two compositions; specifically NaVPO4F*** and NasV,(PO.),F3,'** have been examined for
electrochemical insertion/extraction of Na. Na extraction from NaVPO4F occurs in two steps
with the first being at 3 V and the second at 3.7 V vs. Na/Na". Na3V,(PO,),F3 also charges in two

voltage steps at 3.6 and 4 V vs. Na/Na'.

Na,FePO4F was first proposed by Ellis et al. in 2007 and it is isostructural with
Na,MgPO,F.”> The layered structure contains Na ions located between the sheets of
interconnected FeO4F, and PO, tetrahedra. It is very suitable for reversible Na intercalation and
experiences only about a 3.5% volume change as Na is removed or inserted. Electrochemically
obtained charge-discharge curve displays distinct voltage plateaus between 2.9 and 3.05 V
during discharge and charge. Formation of two distinct plateaus in the electrochemical charge-
discharge curve (Figure 1.19) indicates the formation of an intermediate composition which was

identified as Naj sFePO4F.
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Figure 1.18 Electrochemical charge-discharge curve of Na,C00,.**® Inset shows an
expanded view of the curve. A 2D projection of the structure of NaCoO; is also shown. The

numbers indicate different phases formed during Na-intercalation
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Figure 1.19 Electrochemical charge-discharge curve of NaFePO4F*>
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NaFePQO,, when synthesized using conventional methods, does not crystallize in the
olivine type structure unlike its Li-analogue LiFePO,. Instead, high temperature synthesis routes
yield the maricite type framework. The maricite type framework does not possess open pathways
for ion migration similar to olivine and therefore it exhibits no electrochemical activity upon
charge or discharge. Recently, however, it has been reported that olivine NaFePO, can be
obtained by inserting Na electrochemically in the olivine type FePO4."*® Olivine FePQy in this
case is obtained by delithiating isostructural LiFePO,. Interestingly, while only a single plateau
at 2.8 V is observed upon discharge, upon charge, an intermediate step corresponding to the
composition of Nag7FePO, appears. Subsequent cycling shows severe capacity fade. NaMnPO,
and NaFeysMngsPO4 can be crystallized in the olivine type structure via an ion exchange method
from NH4MnPO4-H,0 and NH4Feo sMngsPO4 H,0. Interestingly, this material displays a sloping

electrochemical profile suggesting solid solution behavior.
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Figure 1.20 Electrochemical charge-discharge curve of olivine Na,FegsMnosPO,**
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Substantial research work has been devoted to developing suitable negative electrodes for
Na ion batteries. Sodium metal itself, just like Li, cannot be used for long term cycling because
of dendritic growth of the Na on charge which leads to short circuiting. The most common
negative electrode for Li ion batteries, graphite, does not intercalate Na between its layers due to
the larger size of the ion. Among other carbon based electrodes petroleum coke show good

potential for Na-intercalation.™®

Electrochemical potential for Na insertion in hard carbon is
same as that of the metal itself which indicates that the insertion occurs through surface pores.
Following investigation, Na was found to intercalate among disordered layers of the carbon and
it can display high gravimetric capacities at low rates.’® It has been shown recently that high
rates in non-graphitic carbons can be achieved by tuning the microstructure and the porosity.*®*
Among the non-carbon and the non-silicon based negative electrodes for Na-ion batteries,

163

Na,TiO, %2 has been shown to intercalate Na around 1 V. Na,Tis0;*%® intercalates Na at 0.3 V

and Na,Ti(PO,); at 2.1 V.1*

1.4 Scope of the Thesis

This thesis deals with the synthesis and characterization of fluorosulfate based high voltage
positive electrode material for the Li and Na-ion cells using solvothermal techniques. A number
of compounds belonging to this family were synthesized and electrochemically characterized in a
Li-batteries. The structure of each of them was solved using X-ray and neutron diffraction
methods. Sodium based compounds of similar compositions were also synthesized. Various
characterization techniques have been employed to understand the structure, ionic conduction
and electrochemical performance. The possibility of synthesizing alternate structures to improve
the electrochemical performance was also explored by changing the nature of the alkali or

transition metal cation. Chapter 2 describes the synthesis and characterization
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methods/techniques used in this thesis. Chapter 3 details the synthesis, structural analysis and
electrochemistry for fluorosulfate of general composition LIMSO4F (M=Fe, Mn, FeixMny).
Chapter 4 describes the application of computer simulation methods to determine the Li and Na
ion migration pathways in various phosphate and sulfate based framework. Chapter 5 deals
with the synthesis and structural characterization of sodium and ammonium based fluorosulfate

materials. Chapter 6 presents the overall summary and the roadmap for future work.
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Chapter 2

Methods and Techniques

2.1 Introduction

To understand and improve a material’s property, it is important that it is characterized using
modern tools available to the scientific community. An in-depth characterization of the
fluorosulfate materials is complicated by the fact that these are air sensitive and must be
synthesized and processed only under a dry and oxygen free atmosphere. Various techniques and
methods have been used to prepare and characterize these materials to determine their structure,
morphology and electrochemical properties. These provide an in-depth understanding of
mechanisms that operate during preparation and subsequent application of these materials as

positive electrodes for Li-ion batteries.

Diffraction methods reveal detailed information about crystalline materials at the atomic
scale and have been extensively used in the current work. Electron microscopy provides
morphological and compositional information and therefore it was used to examine the
material’s purity and particle size correlation with electrochemical performance. Electrochemical
methods were used to study the material’s behavior as a positive electrode in Li batteries.
Characterizations based on Fourier transform infrared infra-red (FTIR) spectra were used to
study the nature of chemical bonds in the structures and thermogravimetric analysis (TGA)
established the thermal stability of the materials. Atomistic scale simulations were carried out to
investigate migration pathways of Li and Na ions in various structural frameworks. This chapter
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outlines the basic scientific and technical details about the synthesis and characterization

methods used in the current work.

2.2 Synthesis Techniques

2.2.1 Conventional Solvothermal Synthesis

Solvothermal synthesis methods have been extensively used to prepare various novel
phases and morphologies.'®>*®®1%7 |n contrast with traditional solid state methods, solvothermal
synthesis is carried out in an organic solvent in a closed system at moderately high temperature-
usually above the boiling point of the solvent. Under such conditions, critical properties of
solvents such as dielectric constant and viscosity are considerably modified. This results in a
lower activation energy barrier for the reaction. The reaction container used in the current work

is described in Figure 2.1.

SS caps and spring
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Figure 2.1 Conventional solvothermal reaction container

Reactants are first transferred in a Teflon™ container along with the solvent and then

placed in a stainless steel (SS) autoclave. The use of the autoclave provides physical strength
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against the inside pressure and the Teflon™ lining provides protection against corrosion due to
the solvent. Magnetic stir bars can be added in the reaction mixture if stirring is needed. The
container is sealed using various caps as shown. Finally the mixture is transferred to a preheated

oven for a required time and temperature.

2.2.2 Microwave Solvothermal Synthesis

Microwave solvothermal synthesis differs from conventional solvothermal methods in
that the heating of the reaction mixture is now carried out in a microwave oven where it occurs
through microwave-matter interaction. The frequency normally used in commercial microwaves
is 2.45 GHz which is optimum for generating maximum heat with common solvents. Under
microwave heating, polar solvents try to align their dipolar moment along the electric field
generated by the microwave. As this electric field quickly fluctuates, dipolar moments try to
realign themselves accordingly and heat is generated in this process due to the friction and
dielectric losses.'®® The energy loss during this interaction is quantified by the term known as the

tangent loss which is defined as the following:
tan o =¢’’/¢’

where €’ is the dielectric loss and €’ is the polarizability of the molecules under the electric field.
Due to this specific interaction under microwave irradiation, temperature gradients in solvent are
almost absent during the reaction, and temperatures can rise very quickly throughout the reaction
medium. However, the reasons behind the remarkable ability of the microwave methods to
rapidly synthesize compound within minutes that otherwise takes hours and days are still under

debate.*®°

35



Organic solvents are generally classified in three categories for microwave synthesis.
Solvents with tan 6>0.5 are high microwave absorbers and therefore can generate a great deal of
heat very quickly under microwave irradiation. Solvents with 0.1<tan 6 < 0.5 and tan 6 <0.1 are
known as medium and low grade solvents for microwave synthesis respectively. Glycols, in
general, have been noted as ideal candidates for microwave solvothermal synthesis as these

materials interact very strongly with the microwaves.

During recent years microwaves have been effectively used for the synthesis of many
battery related materials such as LiFePO,*"**™ and Li,FeSiO4.!% These methods are rapid and
provide interesting morphology along with good size control. However, due to low temperatures
and very rapid synthesis routes, frequently, the product displays poor crystallinity and high

concentration of defects which may require post synthesis heat treatment.

2.3 Characterization Techniques

2.3.1 Diffraction Techniques

Diffraction is one of the consequences associated with a wave’s interaction with an
obstacle in the path of its propagation. Each point on the obstacle acts as a new point source and
intensity of the resulting wave is produced as a result of interference. Similarly, when neutrons
of a certain energy interact with an obstacle, due to their wave like behavior at high velocity,
they can also produce diffraction patterns. Effects of the diffraction are intensified if the obstacle
is of the similar size range as the wavelength of the incident wave. If the obstacle is periodic in
nature, diffraction patterns can be analyzed to study the nature of the periodicity and local
distribution. This is one of the very popular techniques adapted to study crystal structures where

incident waves are X-rays or neutrons.
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Figure 2.2 Anton Parr microwave system
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Figure 2.3 A representative plot for temperature and pressure increase during a

microwave reaction. The data was obtained during the reaction using internal probes.

2.3.2 Powder X-ray Diffraction

X-rays have an electric field which oscillates perpendicular to their movement. They are
located in the electromagnetic spectrum between the y-rays and the ultraviolet. Depending on the
energy, they can be classified either as hard X-rays (high energy) or soft X-rays (low energy).

When an electron comes under the influence of an X-ray beam it starts to accelerate or de-

37



accelerate with the frequency of the incident beam. This phenomenon is called “Thompson
scattering”. If an X-ray beam encounters a distribution of the electrons which is periodic in

nature, these multiple scattered beams interfere with each other to produce a diffraction pattern.

Prof. Max von Laue, first (1912)'"? identified the basic mechanism by which crystals can
be used as a grating for the diffraction of the X-ray beam. He showed that when a stream of X-
rays is passed through the crystal of a zinc blende structure, a pattern of bright spots appear on
the screen according to the laws of diffraction. Subsequently Lawrence Bragg simplified and
explained the underlying principle in a more simple and effective manner by assuming each
plane of atoms in the crystal behaved as a reflecting surface. The schematic shown in Figure 2.4
outlines the diffraction of X-rays from an array of atoms. A monochromatic parallel set of beam
striking at an angle © from a plane of atoms is reflected back and the reflecting beam makes a
20 angle from the incident beam. It can be shown using geometry that two scattered beams of
wavelength A from a set of parallel planes at distance d from each other will have zero phase

difference if following condition is satisfied (n is an integer number):
ni=2d*sin 6

The implication of the above equation simply means that at any given orientation of a
crystal a set of parallel monochromatic X-rays will constructively interfere for only one set of
parallel planes. In other words a set of bright points will appear on the screen when a spectra of
X-rays (a set of A) are passed through the crystal at a given orientation. Each bright point in this

case can be analyzed for a set of parallel planes.

It is difficult to prepare single crystals of many complex and metastable materials.

Therefore an alternative technique, known as the Debye-Scherrer method, was developed to
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collect X-ray diffraction patterns from powder samples. Modern techniques use diffractometer in
which the sample and the diffracted beams are rotated with respected to the incident beam to
collect the pattern for a range of angles. An angle vs. intensity plot is analyzed to extract the
crystal structure. In this thesis, powder X-ray diffraction was performed on a Bruker D8-
Advance powder diffractometer equipped with a Vantec-1 detector, using Cu-Ka radiation (Aavg=
1.5418 A) in the range from 10° to 120° 20 at a step size of 0.025° using Bragg-Brentano

geometry.

Figure 2.4 Bragg scattering of X-rays from parallel plane of atoms

2.3.3 Time of Flight Neutron Scattering

Due to wave particle duality, neutrons of moderate energy also produce a diffraction
pattern when they are passed through a crystal. Unlike X-rays, neutrons directly interact with the
nucleus of the atom. The interaction of the neutron with a nucleus can result in either incoherent
or coherent scattering. The coherent scattering from a crystal appears as Laue diffraction spots
and is used in the identification of the structure. Strength of the scattering is measured in terms of
a scattering length which is specific to each atom in the periodic table. Therefore, the neutron

diffraction pattern complements the X-ray diffraction in the sense that former is generated by
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waves scattered by the nucleus and later is generated by waves scattered from the electrons
surrounding the nucleus. Lighter atoms such as Li cannot be located based on X-ray diffraction
pattern and neutron diffraction is essential. Additionally, X-rays cannot distinguish between two
atoms with close atomic numbers while neutron diffraction can generally provide this

information depending on the scattering lengths.

Neutron experiments reported in the current work were carried out at the Oak Ridge
National Lab, Tennessee (ORNL), USA. This facility uses a spallation method to produce
neutrons, in which a stream of protons is first bombarded at a heavy nucleus resulting in high
energy neutrons. These neutrons are then passed through a moderator to decrease their energy.
The moderate energy beam (thermalized neutrons) is used to probe the crystal structure of the
microcrystalline sample. Samples were placed in a vanadium can and POWGEN diffractometer
at ORNL was used to collect the diffraction data. This diffractometer is capable of probing the

0.3A to 3A d-range with a resolution of < 1%.

Bragg’s law can be modified for a spectrum of diffracted neutron beams collected on a

single orientation © for a period of time t:
t = (2m/h)* L*sin 8 * d

Where m and h are the mass of the neutron and Planck’s constant respectively, L is the
length travelled by neutron after bombarding the sample, © is the angle of data collection and d
is the interplanar distance in the crystal. Clearly, for a range of A values, the diffracted beam hits
the target at different times and this can be used to extract the d or © vs. intensity plot. This

method is known as “time of flight” data collection for neutron diffraction.
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2.3.4 Structure Refinement

Relevant structural parameters such as lattice parameters and atomic positions are obtained
from the experimentally collected diffractogram by using an iterative fitting process starting
from a given model of the structure. This process is known as structural refinement. To identify
the initial model of the crystal structure from the collected diffraction pattern, the pattern is
matched to the inorganic crystallographic structure database. This strategy was adopted for
compounds reported in Chapter 3 and 5. Once a good model has been found, exact values of
atomic position and lattice parameters can be extracted by iterative refinement. The technique
was developed by Hugo Rietveld in the 20™ century and it is now extensively used to derive
accurate structural parameters for a wide range of materials, and to determine structures of

microcrystalline materials.

Three kinds of information can be extracted from a diffractogram: 1. The position (2 © or
d) of the peaks provides clues as to the symmetry of the structure; 2. The intensity of the peaks
provides the information about the atom type (scatterer), and their location in the unit cell; 3.
The peak shape provides information about the nature of the crystal (coherence length). The
goal of the Rietveld refinement is to minimize the difference between the observed and the
calculated diffraction pattern using least squares methods. This is achieved by refining the
factors influencing the peak position, height and shape. Peak positions are refined starting from
given model of the unit cell and the sample position parameters; the later accounts for the
relative position of the sample with respect to the incident beam. This is followed by refinement
of a set of other parameters such as profile functions and the atomic positions which adjust

themselves to yield the right peak shape and intensity.
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In the Rietveld refinement method, the intensity of a diffraction peak obtained by powder

x-ray diffraction (PXRD) is formulated as follows:
lcare = SszLk|Fk |ZS (26, —26,)P, A +Dbkg;

Here, bkg; is the background intensity, Sg the beam intensity scale factor, S (20 268y) the
profile shape function, Lg the polarization factor, A the absorption factor and Py the preferred
orientation factor. Fy is known as structure factor and depends on the type and location of atoms

in the structure. For a plane with hkl Miller indices the structure factor is defined as follows:
- 27 (hx, +ky, +1z,)
J— 72 Xﬂ+ n+ Zn
F(hkl)=>" fe
=1

Here, f is atomic scattering factor and is considered analogous to the scattering length
discussed above in the context of neutron scattering. Similar formulations exist for neutron
diffraction as well. In addition two parameters specific to time of flight neutron diffraction exist
in GSAS: DIFC, and DIFA. These two respectively represent theoretical time of flight and
wavelength absorption correction and are refined accordingly. In the current work Rietveld
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refinement has been performed using either GSAS on the EXPGU platform or the Bruker-

AXS TOPAS 4.2 (Bruker-AXS, 2008)® software program.

2.4 Electron Microscopy

Electron microscopy is used to visually inspect the sample, its topology and primary
particle size. In an electron microscope, electrons are thermally produced from the source and
focused on to the sample with the help of condenser and objective lenses. Electron’s interaction
with the matter results in emission of secondary electrons, backscattered electrons and X-rays,
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and the image of the sample can be produced by analyzing these. Images in this thesis were taken
on a LEO 1530 field emission electron microscope in back scattered imaging mode. Energy
Dispersive X-ray (EDX) analysis was carried out on a system attached to the scanning electron

microscope (SEM) to determine the elemental composition of the sample.

2.5 Thermal Analysis

Thermal analysis was carried out to determine the stability of the fluorosulfate and
hydroxyl sulfate compounds. The technique involves heating of the sample with continuous
monitoring of the weight loss. The measurements were performed under a controlled atmosphere

on a SDT Q600 analyzer.

2.6 Infrared Spectroscopy

Infrared spectroscopy (IR) determines the energy levels that can absorb incident infrared
wavelength. In this technique a spectrum of infrared rays are passed through the material and the
resulting absorption spectrum is analyzed. A standard table exists for most of the known
chemical bonds and the corresponding absorption peak. In the current work, a Bruker Tensor
infrared spectrometer was used to collect spectra of as-prepared materials ground with KBr and
pressed into pellets. Pellets were dried overnight at 100°C in a vacuum oven before

characterization.

2.7 Electrochemical Characterization

To study the electrochemical properties of the materials, they were cycled under a
galvanostatic mode. In this mode, a constant current is applied to a cell and voltage is recorded

as a function of the number of lithium ions and electrons de/-inserted into the active material in
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the electrode. The current direction is changed at the cut-off potentials to reverse the flow of the
charge and test the reversibility. Electrode characteristics, such as capacity, rate capability and
cycle life can be extracted from the results. Electrochemical evaluations of the Li (ion) batteries
were mainly carried out in Swagelok™ cells using a commercial (VMP3) multichannel
galavanostat/potentiostat. To prepare a working electrode, the active material was typically first
ball milled with Super P carbon. A slurry was formed by adding N-methylpyrrolidinone (NMP)
solvent to this mixture. The slurry was spread onto a carbon coated current collector and dried
overnight. Typical loading of the active mass was between 3 and 5 mg/cm?. The cells were
assembled in an argon-filled glove box with oxygen and moisture levels lower than 5 ppm. The
electrolytes were composed of a 1 to 1.2 M LiPFg solution in a polar organic solvent (EC:DMC::

1:1), and lithium metal foil was used as the counter electrode.

2.8 Simulation Methods

Simulation of materials is considered now a well-established field in solid state chemistry.
Due to significantly increased computational capabilities in last few decades, it has become
possible to simulate some of the very complex calculations. Various techniques have been
developed based on the current understanding of the atomic and molecular interactions to
predict properties of the materials which are otherwise very difficult to measure. There are three

broad methods!”

that are currently used to calculate the properties of solid state materials. First,
qguantum-mechanical (QM or ab initio) calculations are used to calculate the electronic
structure. Introduction of local charge correlations in the calculation during last decade has
made this method increasingly accurate for the prediction of various properties. Second are

molecular dynamic (MD) methods, which are based on explicit dynamical solution of the

ensemble of particles for which Newton’s laws of motion are solved. The third category is
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known as the atomistic simulation method and it is based on the formulation of the total energy
of the system. This energy is minimized to determine accurate potential parameters for further
calculations for a given structure. Atomistic simulations methods as embodied in the General
Utility Lattice Program (GULP)'"® code have been used extensively in Chapter 4 of the current

thesis.

The atomistic scale simulation method calculates the total energy of the system,*’’ by
dividing the solid into two kinds of interatomic forces: short range and long range. Long range
force consists of the electrostatic interaction among atoms and it is expressed as the general
Coulombic interaction equation between two point charges. Short range forces are mainly
represented by attractive dispersive forces and repulsive van der Waals interaction. The energy
of the total system is written in terms of nuclear coordinates. Minimization of the energy is not
straight forward due to diverging nature of the Coulombic forces since the number of interaction
increase as 4nr’N, where N, is the atomic pair density. To solve this problem, Ewald summation

technique is used which divides the whole charge interaction in to real and reciprocal
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Here, U is the energy term, G the reciprocal lattice vector, g the charge on the ion and V is

the volume of the unit cell. Parameter n controls the division of work in real and reciprocal
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space and it is defined as follows (w represents the relative computational expense term in real

vs. reciprocal space):'’®

Short range interactions are modeled using a Buckingham potential which is defined as

follows:

i C
Vi) =Aexp 7 ——

6
ij

A, p and C are ion-ion potential parameters and r is the inter-atomic distance. In this case as well,
both, the van de Waals and dispersion interaction can be quickly converged by splitting them in
reciprocal and real space. A list of other functions and their detailed discussion can be found
here.'®° For the higher covalent degree of interaction in the sulfate group, Morse potentials were

used to describe intra-molecular bond-stretching interactions between the S and O ions:

b (rij )=Dl-ep [—ﬁ(ri- L )]}2
Here ro is the equilibrium atomic separation between ions i and j, and D is the dissociation
energy of the molecule or polyatomic ion, and f is a parameter that controls the width of the
potential well.
Three-body (covalent) bond-bending forces within the SO,* (or PO,*) tetrahedra were modeled
using a harmonic potential,

¢ijk (eijk ) = % k(eijk - 90 )2 )
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where k is a force constant and 6y is the equilibrium angle subtended by ions j and k
about ion i. Interactions between ions in the same sulfate group were assumed to be entirely non-
Coulombic. To account for the polarization of the atoms, a core-shell model developed by Dick
and Overhauser is employed in which charge is distributed on the core and massless shell of the
atom attached to it by a harmonic force. This is important to calculate the dielectric properties
and impact of defects in the structure. Initial distribution of the charge distribution on the core
and shell was taken from the literature data and relaxed to fit the input structure. Most of the
cations are assumed to be rigid in the current work and therefore formal charges are assigned to
the core of the atoms. Shell and core both are simultaneously refined in the GULP code.

Once the energy of the system has been defined in terms of the nuclear coordinates, an
initial structure is provided as the first guess and the interatomic potential parameters are relaxed
to simulate the crystal structure by minimizing the calculated energy of the system. In the current
work, simulations have been performed under constant pressure conditions. In this case, lattice
vectors and coordinates are adjusted to remove forces on both the unit cell and the individual
atom. Energy minimization is achieved by using Newton-Raphson procedure. An important
feature of the atomistic scale simulations is their ability to calculate the energy of formation of
point defects. GULP incorporates this feature by adopting the strategy developed by Mott and
Littleton. In this scheme, polarization response of the lattice to a charged defect is studied by
dividing the region of interaction in to two parts. The inner region is relaxed explicitly and the
outer region is calculated by assuming continuum approximation.

These simulation methods have been extensively used in the past to study various oxides,
phosphate, silicates and other ionic and semi ionic solids. They provide valuable information

about ionic conduction, defect chemistry and other structural information that is otherwise either
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difficult or impossible to probe using physical characterization tools. In the context of the battery
materials they have been used to understand the mechanism of defect chemistry and ionic

conduction in olivine”™ LiFePO,4 and recently LisPO,4 type™® Li,FeSiO, materials.
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Chapter 3

Synthesis and Electrochemistry of Li-
Transition-Metal Fluorosulfates

3.1 Introduction

Li transition metal fluorosulfates were proposed as promising Li-ion battery positive
electrode materials in 2002 along with a synthesis procedure for obtaining phase pure tavorite-
type-LiMgSO,F.*® The synthesis of LiMgSO.F was carried out using conventional high
temperature solid state methods which involved heating MgSO,4-H,0, Li,CO3; and NH,4F together
at 550°C. However, isostructural Li-transition metal-fluorosulfates cannot be synthesized using
the same method because of the precipitation of more thermodynamically stable sulfates and
oxides. Solid state reaction among NH4F, Li,CO3 and FeSO4'H,0, for example, produces LiF
and FeSO, below 400°C and various other products above 400°C. This indicates that activation
energy needed for the crystallization of LiFeSO4F cannot be achieved within thermodynamic
stability limits of this compound in a conventional solid state reaction. Solution based synthesis
methods can reduce the kinetic energy barrier during a reaction by providing better contact
among reactants. However, water based solvents dissolve the fluorosulfate product and therefore

cannot be used. It was reported in 2010 by Recham et al.’33!8

that the thermodynamic
metastability of LiFeSO4F means that crystallization must be effected in hydrophobic liquid
medium using FeSO,4 H,0 and LiF as reactants. The ionic liquids, while offering much promise

of tailoring reactivity, are prohibitively expensive at ca. $500/g, and removal of excess LiF

reagent is almost impossible owing to its low solubility.
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The structure type (szomolnokite) of FeSO,4-H,0 has a strong structural resemblance to
the fluorosulfate LiFeSO,4F tavorite type structure and the H-OH in FeSO,4-H,0 (i.e. HFeSO,0H)
is replaced by Li-F to generate LiFeSO4F in an ionothermal reaction, as noted.’® Thus, the
reaction between the alkali metal fluorides and FeSO4-H,0 involves two simultaneous processes:
1) loss of water from FeSO,4-H,O and 2) insertion of LiF into the structure. To obtain a pure
product, the reaction rate (step 2) must be greater than the dehydration rate (step 1) so that the
crystallization of FeSO, can be avoided. Increasing the temperature lowers the activation energy
barrier for the reaction. However, it will also accelerate the dehydration of the precursor.
Therefore a balance must be struck between these two competing processes of dehydration and
reaction in order to crystallize LiFeSO4F. This is achieved in ionothermal synthesis'® due to the
tendency of hydrophobic ionic liquid medium to delay the release of water from the precursor

and allow an increase in the reaction temperature.

Organic solvents are ideal candidates for the synthesis of novel compounds, particularly,
in the case of water sensitive compounds. They have been used in the past to synthesize

185 complex morphologies™®® and nanosized materials.*®” However, the

metastable compounds,
topotactic reaction under solvothermal conditions in common hydrophobic solvents such as
toluene does not result in the fluorosulfate product. This chapter describes the synthesis method

of tavorite and triplite type LIMSO4sF (M =Fe, Mn, Fe;xMny) in hydrophilic glycol media

followed by their structural and electrochemical characterization.
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3.2 Experimental

3.2.1 Synthesis

3.2.1.1 MSO4'H,0

Monohydrate precursor FeSO4-H,O was obtained by heating FeSO,7H20 under Ar
atmosphere. In order to synthesize FeSO47H,0, Fe-powder (5g) and dilute H,SO4 (45 ml,
33%w/w) were mixed together in a beaker. The reaction solution first became transparent and
then changed to slightly green color after 1 hour of the reaction. FeSO, 7H,0 was precipitated by
adding ethanol in 2:1 volume ratio to the solution. The precipitate was filtered and the resultant
green product was characterized as FeSO,4 7H,0. FeSO4 7H,0 was heated at 100°C for 3 hours
in Ar atmosphere to obtain FeSO4-H,O which was characterized using XRD and TGA (Figure

3.1 and Figure 3.2). MnSO4'H,0 was directly purchased from Sigma-Aldrich.

To synthesize mixed transition metal monohydrate Fe;«Mn,SO,4-H,0, required moles of
Fe powder were first dissolved in dilute H,SO,4, and MnSO4-H,O was added to it after the
solution turned completely transparent. After one hour of continuous stirring, mixed-metal-
sulfate hydrate was precipitated by adding ethanol in 2:1 volume ratio to the solution. Filtered
product was heated at 150°C for 2 hours in Ar atmosphere to obtain the monohydrate sulfate

compound.
3.2.1.2 Tavorite -Type-LIMSO4F

3.2.1.2.1 Conventional Solvothermal (ST)
synthesis of LiMSO4F was performed using well known conventional solvothermal

methods. Tetraethylene glycol (TEG) was used as a solvent. TEG has high boiling point (314°C
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at atmospheric pressure), moderately low viscosity at room temperature (58.3mPs) and moderate
dielectric constant (15.7). Therefore, it serves as an ideal candidate for the synthesis of
metastable compounds below 300°C. Temperatures as low as 220 °C are ideal in glycol for the
topotactic reaction as FeSO4-H,O dehydrates at temperatures greater than 230 °C. The reaction in

more hydrophilic solvents such as triethylene glycol does not result in the fluorosulfate product.

To obtain phase pure product, monohydrate transition metal sulfate (MSO4-H,0) and LiF
(Sigma-Aldrich) were well mixed in 1:1.1 molar ratio. The mixing was achieved in a planetary
ball mill (Fritsch pulverisette 5) under Ar atmosphere with typically 1:30 weight ratio of
precursor powder to agate balls (10mm diameter) in an agate container after 10 hours of milling
at 300 rpm. The ball-milled mixture was transferred into a 43 ml Teflon™-lined Parr reactor
along with 30 ml of the tetraethylene glycol (TEG) and stirred for 30 min. The reactor was then
placed in an oven preheated to 220°C for the synthesis of LiFeSO4F. After 60 hours of heating,
the reactor was taken out of the oven and cooled down on a lab bench to room temperature.
Product was washed with dry acetone or tetrahydrofuran (THF) three times and vacuum filtered
in a bench top glove-box filled with nitrogen followed by overnight drying in a vacuum oven at

100°C before characterization.

3.2.1.2.2 Microwave Solvothermal (MW)

To perform the microwave synthesis, LiF and FeSO4-H,O (1.1:1) were mixed under
argon atmosphere for 2 hours in a planetary ball mill under similar conditions as above. The
homogeneous reaction mixture, along with 20 ml tetraethylene glycol (TEG), was sealed in a
closed 100 ml Teflon™ vessel which was fitted to a rotor with a pressure and temperature probe.
The rotor containing the closed Teflon™ vessels was then placed on a turntable for uniform
heating in an Anton Paar microwave synthesis system (Synthos 3000). The desired microwave
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exposure time and temperature were software controlled. A preset profile (desired time,
temperature) was followed automatically by continuously adjusting the applied microwave
power (0-1200W, 2.45 GHz); the temperature was raised to 220°C in 5 min and maintained for
10 min. The pressure increased almost linearly with the temperature upto 20 bar but remained

constant at this value once the temperature ramp reached its plateau.

3.2.1.3 Triplite Type-LiIMSO4F

3.2.1.3.1 Conventional Solvothermal (ST)

LiFe;xMn,SO,F (x = 0, 0.05, 0.1, 0.2, 0.5 and 1) powders were synthesized via
solvothermal chemistry following the procedure described above. Monohydrate powder was ball
milled (Fritsch pulverisette 5) with LiF in 1:1.1 ratio for 10 hours at 300 rpm. The mixed
precursors were transferred into a 43 ml Teflon™-lined reactor, and 30 ml of tetraethylene glycol
was added. The mixture was stirred for 30 minutes and the reactor was transferred to an oven (T
=250 °C) for 60 hours for 0.1 <x <1 and for 1 and 2 weeks respectively for x = 0.05 and x = 0.
Product was washed with dry acetone or tetrahydrofuran (THF) three times and vacuum filtered
in a bench top glove-box filled with nitrogen followed by overnight drying in a vacuum oven at

100°C before characterization.

3.2.1.3.2 Microwave Solvothermal (MW)
Tavorite LiFeSO4F obtained by microwave synthesis method was heated at 350°C for

one hour under Ar atmosphere.
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3.3 Results and Discussion

3.3.1 Szomolnokite (FeSO,4 H,0)

X-ray powder diffraction pattern of Fe monohydrate sulfates (FeSO4-H,O) is shown in
Figure 3.1. TGA curves of FeSO4 H,0 are shown in Figure 3.2. Dehydration of this compound
starts around 230°C and the resulting compound FeSO, is stable until above 500°C.
Monohydrate iron sulfate adopts szomolnokite mineral type structure which is classified in
monoclinic space group C2/c. The structure consists of corner shared metal octahedral chain
along the c-axis and two hydrogen atoms are attached to the linking oxygen atom of the Fe-O-Fe
chain as shown in Figure 3.3. Thus, linking oxygen atoms is the most electronegative ligand

which leaves the structure as H,O after a heat treatment.

3.3.2 Tavorite-Type-LIMSO4F
The crystallographic structures of FeSO,4°H,0 and LiFeSO4F are very similar as shown in
Figure 3.3. During the reaction with LiF, H-OH molecule of FeSO,4 H,O0 is replaced respectively

by Li-F followed by rotation of the framework around c-axis to form LiFeSO4F:
LiF + FeSO, e H,O — LiFeSO,F + H,O ............cooineaie. (1)

Milling of the reactants ensures a smaller particle size and intimate mixing. These factors speed
up the reaction as opposed to slowing down the dehydration, thus favoring the topotactic
conversion at lower temperatures in inexpensive hydrophilic solvents and reducing the energy

and materials cost of producing LiFeSO4F.
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Figure 3.1 X-ray diffraction pattern of FeSO,4 H,0. Black bars indicate the characteristic peak

positions of the pure product derived from the cif file.
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Figure 3.2 Thermo-gravimetric analysis curve of FeSO4-H,O
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Mechanism of the reaction can be understood by assuming that it initiates by exchange of
H and OH moieties of surface FeSO,4°H,0 by Li and F respectively. lon exchange on the surface
is followed by rotation of the framework to form tavorite type LiFeSO4F. Thus, an interphase
boundary is formed between FeSO,4°H,O and newly formed tavorite type LiFeSO4F on the
surface. This phase front moves inwards as the reaction progresses and when the interfacial
stress induced by structural difference between the two phases exceeds a certain limit, crystallites
of tavorite type LiFeSO4F break off from the parent FeSO4H,O particle. At the end of the
reaction, parent FeSO4°H,O fragments in several smaller crystallites of the tavorite type
LiFeSO4F. As shown later in Chapter 5, particle size of the tavorite type NaFeSO,4F prepared by
using similar precursors and methods is much smaller than tavorite type LiFeSO4F. This can be
explained by taking in to account the higher unit cell volume of NaFeSO4F which exerts higher
stress on the product-precursor interface and therefore crystallites of smaller size break off from
the surface as product NaFeSO4F than those of LiFeSO4F. During the microwave synthesis this
mechanism is perturbed to produce very small LiFeSO4F particles, which will be discussed later

in this chapter.

The LiFeSO4F structure parameters were refined from the X-ray powder diffraction
pattern with very good fitting statistics (Figure 3.4). The tavorite structure can be described by
considering the basic units of the FeO4F, octahedra and the SO, tetrahedra. The octahedra share
corners along the c-axis forming parallel chains of repeating sequence Fe-F-Fe. These chains are
cross linked via SO, tetrahedra in a and b-direction. Thus, each tetrahedron links three Fe-chains.
Such networking among polyhedra opens up a tunnel like space along a and b directions. The
tunnel provides an empty space in the framework and creates facile diffusion paths for the

lithium ions. In the tavorite type structure (eg. LiFePO,OH),™®® Li site is refined as located on
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two neighboring sites which are very close to each other. In LiFeSO4F, Li is refined to be equally
distributed (occupancy: 0.5) between these 2 sites which are 0.80 A away from each other. Some
reports also exist where Li in tavorites has been refined on a single site (such as in
LiGaPO,OH),*® however the X-ray diffraction data did not allow such distinction and the
LiFeSO4F X-ray refinement “goodness of fit” parameters remain unchanged whether Li is
refined by the former model or the later. Adjacent octahedra in the Fe-F-Fe chain are rotated
with respect to each other by approximately 22° and neighboring Fe-atoms occupy
crystallographically distinct sites. Refined structural parameters are presented in Table 3.1.
Table 3.2 presents a summary of bond lengths obtained from the refinement. SEM and EDX

results are summarized in Figures 3.5 and 3.6.

AR -A%

szomolnokite- HFeSO,0H (FeSO,"H,0) Tavorite-LiFeSO,F

Figure 3.3 Comparison of szomolnokite and tavorite structures. FeOg (in FeSO4-H,0) and
FeO4F, (in LiFeSO4F) coordination polyhedra are shown in brown. SO4* tetrahedra are in

yellow. Oxygen atoms are shown in red and fluorine atoms in grey.
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Figure 3.4 Powder X-ray diffraction refinement of tavorite type LiFeSO4F prepared via
conventional solvothermal method. Black points represent experimental data, red solid lines
show fitted data while blue lines show the difference map between observed and calculated data.
Black bars indicate phase markers. X-ray diffraction agreement factors Ry, = 8.94%, R, = 6.95%,

Re2 = 7.25%.
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Table 3.1 Structural data obtained by refinement from powder XRD pattern of the tavorite type

LiFeSO4F prepared by conventional solvothermal methods

ST-LiFeSO4F

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

M, = 177.85 g/mol

D=3.230gcm?

a=5.1751(1) A

b =5.4915(1) A

c=7.2211(2) A

o = 106.506(2)°

p=107.178(2)°

y = 97.865(2)°

V = 182.440(5) A®

Atom | Wyck. x/a y/b z/c Occ. Uiso (A%)
Li(1) 2i 0.35(1) 0.67(1) 0.82(1) 0.5 0.015(2)
Li(2) 2i 0.18(1) 0.61(1) 0.73(1) 0.5 0.015(3)
Fe(1) la 0 0 0 1.0 0.007(5)
Fe(2) 1b 0 0 1/2 1.0 0.007(6)

S 2i 0.3197(6) | 0.6318(6) | 0.2490(5) 1.0 0.009(8)
0(1) 2i 0.599(1) | 0.745(1) | 0.4074(9) 1.0 0.015(2)
0(2) 2i 0.104(1) | 0.6334(9) | 0.3470(9) 1.0 0.012(2)
0(3) 2i 0.319(1) | 0.353(1) | 0.1428(9) 1.0 0.013(2)
0(4) 2i 0.288(1) | 0.778(1) | 0.106(1) 1.0 0.016(2)
F 2i 0.1323(9) | 0.910(1) | 0.7578(8) 1.0 0.012(2)
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Table 3.2 Bond lengths obtained by refinement from powder XRD pattern of tavorite type

LiFeSO4F prepared by conventional solvothermal methods

Atom 1 | Atom 2 | Multiplicity | Length (A)
Fe(2) |FQ) |2x 2.0013(2)
0@R3) | 2x 2.1196(2)
0@) | 2x 2.1127(2)
Fe() |F@Q) | 2x 2.0013(2)
o) | 2x 2.1713(2)
02) | 2x 2.1855(2)
s |o@®) | 1x 1.4045(2)
0@4) | 1x 1.4556(2)
02) | 1ix 1.4576(3)
0B3) | 1x 1.5165(3)
Li(l) |Li@ |1x 0.8059(6)
0B) | 1x 1.6731(3)
F(1) | 1x 1.9786(2)
0@4) | 1ix 2.1773(3)
02) | 1ix 2.4748(2)
o) | 1x 2.5156(2)
L2 |L@) |1x 0.8059(6)
FO) | 1x 1.7565(2)
0(2) | 1x 1.8069(9)
03) | 1x 2.3147(4)
01) | 1ix 2.4353(1)
0@4) | 1x 2.5287(1)
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Figure 3.5 SEM images of tavorite type LiFeSO4F prepared by conventional solvothermal

method.

Fell
Fe:S:F— 1:1:1

Figure 3.6 EDX spectra obtained from tavorite type LiFeSO4F
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Figure 3.7 shows a selected region of the XRD pattern of LiFeSO4F prepared by
microwave heating of the precursors in tetraethylene glycol (TEG) for 10 minutes. The
characteristic reflections identify it as a tavorite type compound and clearly differentiate from the
starting material FeSO4-H,O. The SEM images show randomly shaped particles with sizes
ranging from 100 to 200 nm (Figure 3.8). As discussed in Chapter 2 microwave heating occurs
through interaction with the chemical bonds and therefore thermal gradients during the synthesis
are absent. In addition, rapid heating ensures that higher number of new phase nuclei appear on
the surface of the precursor and grow to become separate crystallites as discussed previously.
Thus, higher rate and uniform heating during microwave synthesis results in smaller sized
crystallites. Very rapid crystallizations also does not allow the strain generated during the
topotactic exchange of atoms to be completely relieved and therefore the diffraction pattern of
the microwave-prepared tavorite type LiFeSO4sF (MW-ST) exhibits noticeably different peak
shapes compared to those of the solvothermal tavorite (ST). Comparison of the diffraction
patterns of the microwave and solvothermal tavorite also reveals intensity redistribution that
cannot be described by cation disorder. The low symmetry (SG: P-1) and moderate x-ray
fluorescence from iron in the sample preclude detailed analysis of microstrain and texture in the

MW tavorite and a reasonable fit could not be obtained.

3.3.3 Triplite-Type-LiIMSO4F

Phases and compounds obtained by ion-exchange or topotactic replacement of the atoms
are generally metastable in nature. The conventional solvothermal reaction of tavorite LiFeSO4F
when extended over few weeks at 250°C precipitates as a completely new phase (Figure 3.9).
Clearly, the tavorite type LiFeSO4F slowly converts into another phase. It takes 2 weeks to

complete the conversion of the tavorite in to this new polymorph of the LiFeSO4F which adopts
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triplite type mineral framework. The triplite framework is adopted by (Mn,Fe)PO,4F family of
mineral compounds. The structure is formed by edge shared metal-octahedra networked with
SO, tetrahedra via corner sharing. Unlike tavorites, triplites have additional symmetry elements
and they are classified under monoclinic space group C2/c. Unlike LiFeSO4F, triplite LIMNnSO4F
could be obtained only after 2-days of conventional-solvothermal reaction between LiF and
MnSO4H,O at 220°C. Tavorite type LIMnSO4F could not be obtained using solvothermal

methods.

Intensity (A.u.)

15 20 25 30 35 40 45 50
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Figure 3.7 X-ray diffraction pattern of tavorite LiFeSO4F prepared via microwave solvothermal

method. Black bars indicate the peak positions for the tavorite phase
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Figure 3.8 SEM images of the tavorite LiFeSO4F product obtained by microwave assisted

solvothermal methods.

To study the impact of the transition metals on the structural preference of the LIMSO,4F,
compounds of general composition LiFe; xMySO4F (M=Mn, Zn) were synthesized. Zinc was
chosen as the other substituent because LiZnSO4F has been shown to crystallize in orthorhombic

190 \which are different from

space group and is isostructural with sillimanite type compounds
either of the tavorite or triplite. Figure 3.10 shows the X-ray pattern of the products obtained
after conventional solvothermal reaction at 250°C for 3 (x # 0) to 14 (x = 0) days. No reaction

was detected at temperatures lower than 250°C for “0.1 < x < 1” indicating that triplites form at
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slightly higher temperature. For x < 0.1, the product remained tavorite and for x=1 and M=Mn
(LiMnSOg4F), the product was triplite. No tavorite intermediate could be isolated for x > 0.1 in
LiFe; xMnSO4F. Eventual formation of triplite for any value of the composition parameter x
establishes this as the thermodynamically favored phase for fluorosulfate compounds. Figure

3.11 shows the SEM images for these samples.
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Figure 3.9 X-ray diffraction patterns of LiF and FeSO4'H,O mixture in TEG obtained at
different reaction time under conventional solvothermal reaction conditions: a) 2-days of
reaction time; b) 7-days of reaction time; b) 14-days of reaction time; d) representation of
tavorite crystal structure; f) representation of triplite crystal structure; FeO4F, octahedra are

represented in brown and SO, tetrahedra in yellow and black spheres represent Li atoms.
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Figure 3.10 X-ray patterns of various triplite compounds prepared under conventional

solvothermal conditions. Orange bars represent phase markers for triplite LiMnSO4F

Under the microwave solvothermal synthesis conditions triplite LiFeSO4F cannot be
obtained directly in the microwave even after heating the reaction mixture up to 300°C and 3
hours. However, pure phase triplite type LiFeSO4F can be obtained by very short heat treatment
(as little as one hour) of microwave prepared tavorite type LiFeSO4F at 350°C. Tavorite type
LiFeSO4F samples prepared by methods other than microwave assisted synthesis does not

undergo such rapid conversion.
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Figure 3.11 SEM images of various triplite LiFe;.x(Mn,Zn),SO4F (0 < x < 1)obtained via
conventional solvothermal method; a) and b) triplite LiFeSO4F; c) triplite LiFeysMno,SO4F; d)

LiFeo_SZno_ZSO4F

Figure 3.12 compares the impact of the heat treatment (at 350°C) on tavorite LiFeSO4F
prepared by microwave and conventional solvothermal methods. The latter do not show any
phase transformation after heat treatment for one hour; a prolonged heat treatment of 12 hours is
necessary which also results in significant formation of extraneous iron oxides. These impurities
have been reported to form during direct solid state synthesis of the triplite type LiFeSO4F using

a 1:1 ratio of LiF and FeSO4-H,0."* The complete lack of impurities in the microwave-assisted
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preparation of triplite type LiFeSO4F suggests that the Kinetics governing the conversion of
tavorite to triplite type compound is dramatically enhanced. This provides a very easy and
scalable route for the synthesis of the triplite type LiFeSO4F. Rietveld fit of the X-ray diffraction
pattern obtained by refining microwave prepared triplite type LiFeSO4F are shown in Figure

3.13 and the structural data is reported in Table 3.3 and Table 3.4.

Intensity (A.u.)

30

20 (°)
Figure 3.12 Comparison of X-ray diffraction pattern of triplite LiFeSO4F prepared by a) Heating
tavorite type LiFeSO4F obtained from microwave synthesis at 350°C for 1 hr under Ar. b)
extending conventional solvothermal synthesis for 2 weeks c) heating tavorite LiFeSO4F

obtained by conventional solvothermal at 350°C for 12 hr under Ar. Asterisk ( *) represents

oxide and sulfide impurity peaks.
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Figure 3.13 Powder X-ray diffraction refinement of the triplite type LiFeSO4F obtained by
microwave assisted process. Black points represent experimental data, red solid lines show fitted

data while blue lines show the difference map between observed and calculated data. Black bars

indicate phase markers. X-ray diffraction agreement factors: Ry, = 3.16%,R,=1.34%, ¥° = 3.15.

The structure refinement studies of the triplite type LiFe;xMn,SO4F were based on the
initial model of triplite mineral Mn,PO4F. Structures of LiFegsMngsSO4F, LiFeggsMng2SO4F and
LiFeosMno1SO4F were refined using combined (i.e. simultaneously refined) neutron and X-ray

diffraction data. Owing to the very different scattering lengths in each couple, the ability of
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neutron diffraction to discriminate easily between Li and Fe (-1.9 and 9.4 fm respectively) and
Fe and Mn (9.4 and -3.7 fm respectively) and the ability of X-ray diffraction to distinguish
readily between the light Li and the heavy transition metals was utilized. A complete picture of
the cation order/disorder for all three cations could thus be obtained. The XRD and neutron
diffraction patterns and refined data for LiFeqgMng,SO4F are shown in Figure 3.15 as an

example. The results of the Rietveld refinement are summarized in Table 3.5.

Considered as a whole, the diffraction studies reveal that there is no significant ordering of
Li/Fe/Mn on the two M1 and M2 sites in any of the materials. For LiFep2MnggSO4F, the
refinement reveals a slight ordering of 0.57 Li (site 2)/0.43 Li (site 1), which is a little more
developed in LiFey1MngoSO4F to give an ordering of 0.59 Li (site 2)/0.41 Li (site 1). This is not
that different from ‘‘fully’’ (i.e. 50/50) disordered triplite LiMnSO4F (Table 3.5). A previous
Maossbauer study on natural triplite (Mn,Fe),PO4F and related minerals also found a lack of
significant ion ordering on the M1 and M2 sites.'*” That study detected that the smaller ion had a
slight preference for the M2 site, in accord with our refinement results where the smallest ion
(Li*) shows a minor preference for the M2 site. In short, although we observe a distinct, very
non-linear trend that shows that Li prefers site 2 as the Fe content increases this is far from the
degree of ordering that we might expect would strongly affect Li-ion mobility. The fact that the
pure iron triplite phase LiFeSO4F which has the highest theoretical gravimetric capacity of the

series exhibits the least practical capacity suggests that other factors are also at play (see below).
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Figure 3.14 SEM images of triplite type LiFeSO4F obtained by microwave assisted process.
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Table 3.3 Structure data obtained by refinement from powder XRD pattern of triplite LiFeSO4F

Triplite-LiFeSO4F

Space group: C 2/c (#15), Monoclinic
M, = 177.85 g/mol
D=3.330gcm?

a=13.0328(1) A
b =6.3936(1) A
c=9.8413 (1) A
S =119.750(3)°

V =711.960(8) A®

Atom | Wyck. x/a y/b 7/c Occ. Uiso(A%)
Fe(l) |8f 0.6469(2) |0.8947(4) |0.8475(3) | 0.574(2) | 0.0215(8)
Fe(2) |8f 0.9473(3) | 0.2482(5) | 0.0007(4) | 0.426(2) | 0.027(1)
S |8 0.3279(2) |05923(4) |01967(3) | 10 |0.0271(7)
o) |sf 0.2150(3) | 0.63399(4) |0.1929(3) | 1.0 | 0.0430(1)
0(2) |s8f 05792(3) | 0.5354(4) |0.1443(3) | 1.0 |0.0239(8)
0(3) |8f 0.6928(2) | 0.4155(5) |04138(3) | 10 |0.0236(8)
o) |8f 0.6350(3) | 0.7720(4) |0.3589(3) | 1.0 |0.0234(8)
F(D) | 8f 0.9867(3) | 0.4037(6) |0.6091(4) | 1.0 |0.0209(7)
Li(1) |sf 0.6469(2) | 0.8947(4) |0.8475(3) | 0.426(2) | 0.0215(8)
Li(2) |sf 0.9473(3) | 0.2482(5) | 0.0007(4) | 0.574(2) | 0.0270(1)
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Table 3.4 Summary of bond lengths obtained by refinement from PXRD of triplite-type-

LiFESO4F
Atom 1 Atom?2 | Multiplicity | Bond Length
Fe(2)/Li(2) F(1) 1x 1.9710(8)
0(2) 1x 2.0712(6)
0(1) 1x 2.1165(6)
0(4) 1x 2.1494(9)
F(1) 1x 2.1984(8)
O(1) 1x 2.4335(8)
Li(1)/Fe(1) | F(1) 1x 1.9713(8)
0O(3) 1x 2.0964(8)
0(2) 1x 2.1077(9)
0(4) 1x 2.1701(7)
0(@3) 1x 2.2278(5)
F(1) 1x 2.2591(5)
S(1) 0(4) 1x 1.4457(8)
0O(1) 1x 1.4685(8)
0(2) 1x 1.5079(6)
0O(3) 1x 1.5120(9)
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Figure 3.15 Combined a) X-ray and b) neutron refinement of LiFeysMny,SO4F. Black points
represent experimental data, red solid lines show fitted data while blue lines show the difference
map between observed and calculated data. Black bars indicate phase markers. Combined (X-ray

and neutron) diffraction agreement factors: Ryp = 2.33%, R, = 1.56%, x> = 5.9.

74



Table 3.5 Refined structural parameters of LiIMnSO4F, LiFeysMngsSO4F, LiFeggMnySO4F and

LiFeosMno1SO4F. Rietveld analyses of powder neutron and X-ray diffraction data were done in

the C2/c space group.
LanSO4F LiFeo_sMn0,5804F LiFeo_gMnolst4F LiFeo_gMno,1804F
300K 300K XRD + 300K XRD + 300K XRD +
XRD neutron neutron neutron
combined combined combined
a (A) 13.2406(2) | 13.1150(2) 13.0713(2) 13.0539(8)
b (A) 6.4082(1) | 6.3889(1) 6.3958(1) 6.3945(4)
c (A) 10.0229(2) | 9.9077(2) 9.8735(2) 9.8577(6)
S (deg) 120.499(1) | 120.187(1) 119.891(1) 119.830(1)
V (A% 732.76(3) | 717.59(3) 715.63(3) 713.8(1)
Li(1)/ Occ. 0.484(3)/ | 0.433(8)/ 0.430(3)/ 0.434(4)/
Fe(1)/Mn(1) 0/0.516(3) | 0.318(2)/0.249(2) | 0.475(3)/0.095(3) | 0.483+0.083(4)
x/a 0.6474(3) | 0.6484(9) 0.6462(2) 0.6462(4)
y/b 0.8942(5) | 0.896(2) 0.8934(5) 0.8935(8)
z/c 0.8449(3) | 0.853(2) 0.8473(3) 0.8470(5)
Uiso (A% | 0.029(1) 0.015(1) 0.026(1) 0.036(2)
Li/(Fe,Mn)
Li(2)/ Occ. 0.516(3)/ | 0.567(8)/ 0.570(3)/ 0.566(4)/
Fe(2)/Mn(2) 0/0.484(3) | 0.182(2)/0.251(2) | 0.325(3)/0.105(3) | 0.417+0.017(4)
x/a 0.9481(2) | 0.979(4) 0.9475(3) 0.9484(5)
y/b 0.2526(5) | 0.336(6) 0.2516(7) 0.246(1)
z/c 0.0068(3) | 0.036(5) 0.0025(5) 0.0050(7)
Uio (A% | 0.022(2) 0.015 (1) 0.031(2) 0.046(3)
Li/(Fe,Mn)
S x/a 0.3271(3) | 0.3262(4) 0.3276(3) 0.3287(5)
y/b 0.5912(4) | 0.5923(7) 0.5936(5) 0.5909(8)
zlc 0.1976(3) | 0.1936(5) 0.1966(3) 0.1981(5)
Uio (A%) | 0.0280(6) | 0.0084(8) 0.0307(9) 0.035(2)
F x/a 0.9849(4) | 0.9865(2) 0.9864(3) 0.9828(7)
y/b 0.4001(8) | 0.4053(4) 0.4042(5) 0.408(1)
z/c 0.6079(4) | 0.6093(3) 0.6089(3) 0.6113(8)
Uiso (A9 | 0.024(2) 0.0159(6) 0.040(1) 0.054(4)
0(1) x/a 0.2132(4) | 0.2152(2) 0.2157(3) 0.218(1)
y/b 0.6426(8) | 0.6424(3) 0.6406(4) 0.650(2)
z/c 0.1857(5) | 0.1913(2) 0.1918(3) 0.1863(9)
Ui (AD  ]0.0232) |0.0072(5) 0.0261(8) 0.052(5)
0(2) x/a 0.5811(5) | 0.5809(2) 0.5808(2) 0.5826(9)
y/b 0.5363(8) | 0.5344(3) 0.5358(4) 0.530(1)
z/c 0.1451(6) | 0.1456(3) 0.1448(3) 0.143(1)
Uiss A% ]0.020(2) 0.0070(4) 0.0264(8) 0.016(3)
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0(3) x/a 0.6949(4) | 0.6930(2) 0.6921(2) 0.6961(6)
y/b 0.4189(8) | 0.4164(4) 0.4162(5) 0.415(2)
zlc 0.4152(5) | 0.4132(2) 0.4127(3) 0.4134(9)
Uio (A% ] 0.022(2) | 0.0072(5) 0.0280(9) 0.024(3)

O(4) x/a 0.6338(4) | 0.6345(2) 0.6352(2) 0.6386(8)
y/b 0.7765(8) | 0.7756(3) 0.7744(4) 0.774(1)
zlc 0.3545(5) | 0.3588(2) 0.3576(3) 0.3573(9)
Uio (A% ]0.019(2) | 0.0070(5) 0.0242(8) 0.014(3)

X 2.31 2.79 5.90 5.66

Ry (%) 1.50 3.02 1.56 1.31

Rup (%) 1.97 2.09 2.33 1.90

3.3.4 Chemical Delithiation of LiIFeSO,F

LiFeSO4F can be readily oxidized with NOBF, in acetonitrile to produce the delithiated
framework, FeSO4F. The XRD pattern obtained by chemical delithiation of tavorite type
LiFeSO4F is the same as that derived through electrochemical oxidation, but is free of any
contaminants arising from the cell. To obtain unequivocal structural information on this phase in
order to better understand the electrochemical redox process, a diffraction pattern was collected
using a synchrotron source which affords higher intensity and resolution. The diffraction pattern
shown in Figure 3.16 was indexed, and the structure readily refined in a monoclinic cell (space
group C2/c). Table 3.6 summarizes the data obtained by refinement. The chemical delithiation of
triplite type LiFeSO4F results in slightly different framework than that obtained from the tavorite

type compound and the resulting composition after 24 hour chemical delithiation (Lig4sFeSO4F)

has been reported by Barpanda et al.**®in C2/c space group.
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Figure 3.16 Refinement of (A = 0.4122 A) of FeSO4F structure from PXRD of FeSO4F obtained
via chemical delithiation of tavorite LiFeSO4F. Black points represent experimental data, red
solid lines show fitted data while blue lines show the difference map between observed and
calculated data; red bars indicate phase markers. X-ray diffraction agreement factors: Ry, =

10.30%, R, = 8.07, Rg* = 9.55%
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Table 3.6 Structural data of FeSO4F synthesized by chemical delithiation of tavorite type

LiFeSO4F

FeSO4F

Space group: C 2/c (#15), Monoclinic
M, = 170.91 g/mol

D =3.460 g cm™

a=7.3037(1) A

b=7.0753(1) A

c=7.3117(1) A

B =119.758(2)°

V =328.017(8) A®

Atom | Wyck. x/a y/b z/c Occ. Uiso (A%
Fe 4d 1/4 “1/4 0 10 | 0.0082(2)
S 4e 12 | 0.1357(2) 14 1.0 0.0087(3)

o(1) 8t 0.3363(3) | 0.0173(2) | 0.0868(4) 10 | 0.0090(6)
0(2) 8f 0.4030(1) | 0.2571(3) | 0.341(1) 1.0 0.0089(4)
F 4e 0 0.1635(3) | -1/4 10 | 0.0095(7)

3.3.5 Impact of Moisture Exposure

Fluorosulfates are known to be very reactive in the presence of moisture. The impact of
exposure of the LiFeggMng2SO4F triplite to the atmosphere was examined, and the results are
shown in Figure 3.17. Exposure of the tavorite type LiFeSO4F results in similar reaction.
Contact at 60% relative humidity for 8 h results in the appearance of 6.5% (w/w) monohydrate
[Fe,Mn]SO4H,0 visible in the XRD pattern ( Figure 3.17). Note that the triplite structure is
closely related to tavorite which in turn is very similar to the monohydrate (‘‘szomolnokite’”)
product of this reaction. Thus the reaction is likely to proceed through a transformation where the
LiF moiety is replaced with H-OH by reaction of H,O with the framework. It has been
reported'®* recently that air-aging of olivine type positive electrode materials such as LiFe*”PO,

results in formation of tavorite type LiFe®"PO,OHy 39 In case of fluorosulfates, due to structural
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similarities, reaction with H,O is kinetically favored for the formation of the monohydrate
ferrous product before oxidation of the Fe** to Fe** occurs. Such ease of hydrolysis presents a

significant problem for storage and processing of fluorosulfate materials.
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Figure 3.17 X-ray refinement of moisture exposed triplite LiFeSO4F. Black points represent
experimental data, red solid lines show fitted data while blue lines show the difference map
between observed and calculated data. Black and red bars represent peak positions for triplite
and szomolnokite phases. X-ray diffraction agreement factors: Ryp = 2.23%, R, = 1.53%, v =

4.01.
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3.3.6 Electrochemistry

3.3.6.1 Tavorite-Type-LiFeSO4F

The high intercalation voltage and theoretical specific capacity of LiFeSO4F (151 mA hg )
has led to its proposal and realization as a suitable new positive electrode material. The
electrochemical behavior of the tavorite type LiFeSO4F synthesized by conventional
solvothermal method is shown in Figure 3.18. At C/10 rate, a reversible capacity of 0.86 Li (130
mAh g *) was sustained at an average potential of 3.6 V. This performance is similar to the
tavorite type LiFeSO,4F prepared by ionothermal methods.’® Notable is that the equivalent unit
cell volumes of the parent LiFeSO,F (182.4 A%, and delithiated (FeSO,F: 164.0 A®) phases
differ by 10.1 %. This is far greater than the volume contraction reported for the olivine
LiFePO4—FePO, of 6.7 %. Coupled with the change in unit cell symmetry, it suggests that
considerable strain should be associated with the redox-driven phase transition. However, facile
reversible intercalation of Li-ions without any surface carbon coating indicates that good
electrochemical properties are the result of higher ionic conductivity displayed by the tavorite

than olivine type structure as shown in Chapter 4.

3.3.6.2 Triplite-Type-Li(Fe,Mn)SO4F

The electrochemical behavior of triplite type LiFegoMng1SO4F prepared using conventional
solvothermal technique is shown in Figure 3.19, the best performance is observed for materials
with 5 and 10% Mn or Zn content. For LiFeg9Mng1SO4F, the theoretical gravimetric capacity is
150 mA h/ g. At a rate of 0.05C (1 Li in 20 hours) with 70% (w/w) active material in the
electrode mixture, 0.70 Li could be reversibly extracted. The resulting reversible gravimetric

capacity of 105 mAh g is the same as that reported for materials prepared by the solid state
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route.*® Since Mn and Zn are reported to be electrochemically inert, the gravimetric capacity of
the material increases with Fe content in the compound. A negligible reversible capacity is
observed for samples with more than 50% Mn content. The electrochemistry of the Zn doped
sample LiFeg9Zno1SO4F shows significant improvement (Figure 3.20) over the same material
prepared by using solid state methods (reversible capacity of 0.70 Li vs. 0.55 Li).**® This can
mainly be attributed to the superior phase purity of the sample obtained under solvothermal
conditions, which lacks any unreacted precursors. The electrochemical properties are poorer for
unsubstituted triplite type LiFeSO4F (Figure 3.21) prepared by conventional solvothermal

synthesis compared to LiFeg9Mno1SO4F, in agreement with previous reports.'*

The electrochemical properties of triplite type LiFeSO4F obtained from microwave-
tavorite type LiFeSO4F (Figure 3.22) are greatly improved in comparison to the compound
prepared by conventional solvothermal method. Nearly 80% of the Li could be reversibly
intercalated at C/20 rate which is far better than reported for triplite LiFeSO4F (~55% Li)
prepared by other methods.’****” This is the result of the smaller particle size afforded by the
microwave process. It is well known that Li de/-intercalation Kkinetics can be significantly
increased by using smaller particles owing to the shorter pathways required for Li-ion
transport.'®® This is particularly a factor for triplite because of the disorder on the Li/Fe sites
which additionally blocks the Li-migration pathways. In large particles this significantly impacts
the Li ion diffusion coefficient.'® The improvement in electrochemical properties with reduction
in particle size is in accord with previous reports of inferior practical gravimetric capacity of 3-4
pm LiFeSO4F (Figure 3.22) compared to 1-2 um LiFeysMng1SO4F despite lower theoretical
capacity of the later. The specific energy of triplite type LiFeSO4F is high despite the lower

gravimetric capacity because of the increased voltage of (de)intercalation compared to other
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phosphates. The average charge—discharge voltage is 300 mV higher than tavorite type
LiFeSO4F and 450 mV higher than olivine LiFePO,. This increased potential puts the specific
energy density of triplite type LiFeSO4F on par with tavorite type LiFeSO4F and olivine type
LiFePO,.

Differential capacity curves for both the compounds are shown in Figure 3.23. The
tavorite LiFeSO4F shows two oxidation and two reduction peaks in each cycle with long tails.
This is in agreement with the behavior observed for ionothermally prepared tavorite sample
where the smaller peak was attributed to solid solution behavior displayed by the tavorite
compound at the end of oxidation and initial reduction.”® The triplite compound, on the other
hand, clearly shows only one peak indicative of first phase transformation at 3.91 V during
oxidation and at 3.88 V during reduction. This is similar to the electrochemical differential
capacity curve of the triplite samples prepared by solid state methods.** Slight loss in the peak
height in both cases after few cycles is in accordance with the capacity loss with cycling shown

in the inset of Figures 3.18 and 3.19.
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Figure 3.18 Electrochemical charge-discharge curve of tavorite LiFeSO4F (rate: C/10, active

materials 80%, Super P : 20%). Inset shows the capacity retention after cycling.
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Figure 3.19 Electrochemical charge-discharge curve of triplite LiFegoMngSO4F (rate: C/10,

active materials 70%, Super P :30%)
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Figure 3.20 Electrochemical charge-discharge curve of triplite LiFep9Zno1SO4F (rate: C/20,

active materials 70%, Super P :30%)
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Figure 3.21 Electrochemical charge-discharge curve of triplite LiFeSO4F prepared via
microwave assisted synthesis process (rate: C/20, active materials 80%, Super P :20%). Inset

shows the capacity retention after cycling.
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Figure 3.22 Comparison between electrochemical charge-discharge curve of triplite LiFeSO4F

prepared by extended conventional solvothermal and microwave assisted process (rate: C/20,

active materials 80%, Super P :20%)
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Figure 3.23 Differential capacities vs. voltage curves for tavorite and triplite LiFeSO4F. Blue,

red and black curves show 2™ , 5™ and 10™ cycles respectively

3.3.7 Origin of the Voltage Increase

The difference in the intercalation voltage between tavorite and triplite type compound can
be understood by considering the differences in framework connectivity in both the structures. In
the triplite (unlike the tavorite) the coordination polyhedra of the metal cations share edges with
each other. Such an arrangement leads to increased cation—cation repulsion. As a result, the
octahedron increases in size to partially counter the decreased proximity between transition
metals. In triplite type compound the average bond length around M1 is 2.124 A while for M2, it
is 2.153 A. For tavorite LiFeSO4F (corner shared transition metal octahedra) these values are in
the range 2.078-2.119 A. The slightly longer bond lengths for the triplite are indicative of the
decreased charge density on the metal site which is in agreement with the 300 mV increase in the
redox voltage. A lower charge density is expected to lower the Fermi level and therefore increase

the redox voltage.
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3.3.8 Origin of the Phase Transition

The phase transition of the tavorite type to the triplite type LiFeSO4F is considered
largely driven by the higher entropy of the disordered triplite phase. However, in the light of the
unique phase transition displayed by the microwave prepared tavorite type LiFeSO4F (as
described above), additional characterization of the sample was carried out to understand the
reasons behind this phenomenon. Figure 3.24 shows FTIR spectra collected for both the tavorite
and the triplite type LiFeSOsF polymorphs synthesized using the microwave-assisted and
conventional solvothermal methods. Peaks characteristic of the SO,* group are present in the
region of 1400-400 cm™, similar to previously reported fluorosulfate compounds.'®® Hydroxyl
bands are also visible. The signatures of the OH™ groups associated with inorganic compounds
normally appear®® at 3700-3500 cm™ while OH™ groups associated with the solvent TEG have

d?®! at ~3400 cm™. The presence of broad peaks around 3400 cm™ and a shoulder at

been reporte
~3600 cm™ in the microwave prepared tavorite type LiFeSO4F therefore indicates the presence of
framework OH™ groups along with some glycol on the surface. On conversion to triplite, the
framework OH" disappears, although a trace of glycol remains. Presence of glycol peaks is not
unusual even after heat treatment in solvothermally prepared samples®® with glycol as the
solvent. In contrast, lattice hydroxyl is not visible in the conventional solvothermal tavorite
which shows only a surface glycol peak contribution at ~3400 cm™. In short, the microwave
tavorite is characterized by a lattice hydroxyl contribution that disappears upon conversion to
triplite type polymorph, whereas this feature is absent for the conventional solvothermal tavorite
type polymorph of the compound. Another evidence that this is a surface initiated phase

transformation, was obtained when microwave prepared tavorite LiFeSO4F was mixed with

sucrose in 2:1 weight ratio and the mixture was heated at 350°C for 1 hour. There was no change
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observed in the XRD pattern of the tavorite type LiFeSO4F and complete conversion to phase
pure triplite type polymorph occurs only after 8 hrs. At this stage, it can be safely concluded that
the sucrose-tavorite mixture, upon heat treatment, results in small tavorite particles coated with a
carbonaceous layer which retards the dehydrogenation of OH™ groups present on the surface of
the particles. Therefore, the phase transformation is delayed. A comparison of the TGA curves of
both of tavorite and triplite compounds obtained by microwave assisted methods is shown in
Figure 3.25. Slightly higher weight lost in 300-400°C in tavorite type compound is attributed to
loss of OH" groups. Both the compounds decompose after 400°C to produce a combination of
Fe,03, FeS,, LiF and SO, among other products.

Based on the above results Figure 3.26 presents a possible mechanism for rapid phase
transformation from tavorite to triplite. Upon heating, condensation of the surface hydroxyl
groups releases H,O [Fe-(OH), — H,O + Fe(O%,0)], generating oxygen vacancies. The
reduced unit cell volume on the surface of the material generates a surface tension along the
plane parallel to the surface. The net result of this would be a radial compressive stress generated
in a spherical particle. This stress is released by transforming the underlying tavorite type
material to the denser atomic packing provided by the triplite type structure that exhibits a ~2%
lower unit cell volume per formula unit (AV/Z). This provides the trigger for the phase

transformation.
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Figure 3.24 FT-IR spectra collected for a) tavorite type LiFeSO4F prepared by conventional
solvothermal b) tavorite type LiFeSO4F prepared by microwave solvothermal and c) triplite type

LiFeSO4F prepared by heating microwave tavorite sample.
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Figure 3.25 TGA curve for triplite (red) tavorite (blue) type LiFeSO4F
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Figure 3.26 Comparison of unit cell volumes of tavorite and triplite; b) phase transition

mechanism in MW-LiFeSO,4F

3.4 Conclusions

Fascinating and complex structural and electrochemical properties are exhibited amongst
the polymorphs of the lithium metal fluorosulfate family. The solvothermal synthesis route
provides the most powerful and simple ways to access these materials as phase-pure compounds.
Lithium iron fluorosulfate first crystallizes in a cation-ordered tavorite type structure that
completely converts to a cation-disordered triplite structure on prolonged heating under
solvothermal conditions, a process driven by entropic factors. The combined XRD and neutron
study of the triplite type compounds show a complete disorder of the Li over the two cation sites.

No preferential segregation is observed on any one site.
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Microwave-assisted solvothermal synthesis rapidly generates nanocrystalline LiFeSO4F
tavorite with defects that induce significant microstrain. To date, this is unique to the microwave
synthesis method which remains a largely unexplored technique capable of producing unique
outcomes. Phase transformation to a more stable triplite framework is quickly triggered by heat,
facilitated by the defects and the hydroxyl groups. This provides a quick and scalable route for
the synthesis triplite type LiFeSO4F. The electrochemical performance of triplite type LiFeSO4F
is strongly dependent on the particle size whereas no such dependence is observed for the
tavorite polymorph owing to its highly ordered structure that provides a clear pathway for Li-ion
migration. In contrast, the inherently disordered nature of the triplite structure results in a
tortuous high-activation pathway for Li-ion migration, rendering a fraction of Li ions in the core
of the material inaccessible even at intermediate rates in micron-sized particles. The

nanocrystallite dimensions afforded by the microwave route largely overcome this limitation.

The rapid 3D ion transport characteristics of the framework at the atomic level, and
comparable specific energy density to that of LiFePO4 owing to its higher voltage (543 Whkg™*
vs. 581 Whkg %) also auger well for future importance of LiFeSO4F as a practical electrode
material. The contrasting electrochemical performance of the two polymorphs presents an
excellent opportunity to revisit some of the most debated issues in the field such as framework
dependence of ion conduction and electrochemical voltage. More detailed studies of Li-ion

conduction in these materials using simulation methods will be presented in the next chapter.
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Chapter 4

Alkali-lon Conduction in Tavorite, Layered and
Olivine Type Structures

4.1 Introduction

In Li-ion battery, Li-ions shuttle back and forth between the negative and positive
electrode through the middle layer of the electrolyte to counter the charge imbalance created by
the flow of electrons in the outer circuit. Therefore, for a fast charge and discharge, ions must be
able to quickly move inside the electrode’s crystal structure as well as in the electrolyte. Since
typically used liquid electrolytes are much better Li-ion conductors than solid electrodes, Li-ion
diffusion coefficient in the later is a rate limiting step during charge and discharge of the battery.
Similarly, Na-ion batteries (NIB), which operate on the same principle as Li-ion batteries must
be able to quickly transport Na-ion from one end to the other for a good charge and discharge
rate. According to the classical model of ion conduction, ions migrate in a crystal structure via
hopping from one crystallographic site to another. In the process, they must pass through an
energy barrier since crystallographic sites are energy minima in the energy landscape of the
crystal. This energy barrier is known as activation energy for ion diffusion and depends strongly

upon the structure and migrating ion type as shown later in this chapter.

Chemical defects are aberrations present in the regular structure of the material. The
presence of point defects (i.e. vacancies and interstitials) up to a certain concentration is a
thermodynamic necessity as they increase the entropy of the material. Concentration of defects in

a material depends on the energetics of their formation which can often be controlled by the
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choice of synthesis method. For example, theoretical and experimental evidence exists
suggesting that the antisite defect concentration (formed by intersite ion exchange) can be tuned
in LiFePO, by using either hydrothermal or solid state synthesis methods.?**?*® Defects can
potentially change many properties of the materials including ionic and electronic conductivity.
A higher concentration of antisite defects in olivine LiFePO,4 has been shown to considerably

slow down Li-ion migration Kinetics resulting in a poor electrochemical behavior.

Substantial effort has been expended in previous decades to prepare positive electrode
materials for Na-ion batteries that can easily intercalate and transport Na-ions at suitable
potentials. Recently P2-type NaFeysMngsO, has been shown to be an excellent positive
electrode material which can reversibly intercalate Na-ions in 2-4.5 V range with good rates of
charge and discharge.'*  Many other oxides such as NaCoO,,'* NaCr0,,*** Nav0,** and
NaNigsMng 50, show good initial reversible gravimetric capacities. However, in general, P2-type
NaMO, compounds in which Na-ion are located in prismatic coordination display higher
gravimetric capacity than O3-type in which Na-ions are located in octahedral geometry due to
the slightly higher thermodynamic stability of the charged (desodiated) structure in the former
case. Electrochemical de-intercalation of Na' cations from these oxides occurs via phase
transitions between multiple intermediate phases, adding to the complexity of ion-migration
during charge and discharge. Recently this topic has been examined in detail using
computational studies that suggest that Na-ion migration energetics in oxides can be highly
favourable.?!'' Among polyanion materials Nag4MnO,,2% 146147207 NASICON,?® NaVPO,F,'*
NaFePO,,2%15% and Na,FePO,F,'3%"?% intercalate Na-ion in the range of 2.5-4 V thereby
providing ideal behavior as positive electrode materials. These materials display a robust

framework and better capacity retention than oxides at the expense of poorer conductivity (ionic
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and electronic). Unlike the oxides, they usually display flat voltage behavior upon Na-
(de)intercalation due to the structural energetics that drives two-phase behavior and formation of
a phase boundary between Na-rich and Na-poor phases. While there have been many theoretical
and experimental studies of Li-ion migration behavior in such systems only one recent paper has
analyzed the energetics of Na-ion migration. ?**

NayFePOsF was synthesized in 2005 by Ellis et al. The initial study demonstrated
facile and reversible intercalation of Li* when the material was used as a positive electrode in
a Li cell, via rapid exchange of Na* in one of the sites with Li*. Na,FePO4F also intercalates
Na*-ion reversibly at an average of 3.0 V, as later demonstrated for both ionothermally'” and

solid state?!0212157

prepared material. Particularly good performance was obtained with as
little as 1.3 wt% carbon coating using ascorbic acid as the carbon source, which also had the
positive effect of reducing the particle size.'* The material exhibits only a small volume
difference (3.7%) when Na ions are de-intercalated from the 2-D layers of the structure
resulting in a stable capacity retention at reasonable current densities (110 mAh/g at 0.1C).*"°
Another equally important material olivine NaFePO, can be synthesized using earth
abundant and relatively inexpensive materials. It de/-intercalates Na-ions at 3.2 V.28 The
mixed Fe-Mn system NaFeysMngsPO,4 was also synthesized recently in olivine form and it
gives a characteristically different electrochemical curve than isostructural NaFePO, when
cycled in a Na-cell.™ Conflicting reports have emerged regarding the electrochemical
properties of olivine NaFePO,. While the initial study by Moreau et al.*® indicated that
carbon coating of the parent material LiFePO, did not impact the electrochemical

performance of the olivine NaFePO,, recent investigations by Wang et al.?® have

demonstrated much superior electrochemistry (~100 mAh/g at 0.1C rate). However these
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values are still inferior to those of the carbon coated lithium analogue. In contrast with
LiFePO,, deintercalation of Na from NaFePO, occurs via intermediate Nag;FePO4.2% First
stage of Na deintercalation (from NaFePO,) occurs at ~2.9 volt while the second stage occurs
at ~3.1 volt (from Nag 7FePO,). However, only single voltage plateau during discharge of the
material is observed. Such asymmetry of the charge-discharge has been recently studied
using combination of TEM and XRD.?* The study concludes that all the three phases
(NaFePO4 Nag 7FePO,4 and FePO,) are simultaneously present during the discharge owing to
the large unit cell volume difference between completely charged (FePO,) and other two
compounds (NaFePO, and Nag;FePO,). During charge (desodiation), small volume
difference between NaFePO, and Nag;FePO, restricts the formation of FePO, until all of
NaFePOy, has first converted to Nag 7FePO,.

To fully understand the local structural and transport features influencing the
electrochemical behavior of above mentioned materials, it is clear that fundamental knowledge
of their underlying defect and transport properties is needed on the atomic scale. Atomistic
modeling technique provides a powerful means of investigating these key solid-state issues, but
has not been applied to Na-layered type fluorophosphates, (Li,Na) tavorite type fluorosulfates or
Na-olivine type materials. This chapter describes energetics of defect formation, alkali ion
migration and corresponding activation energy barriers for tavorite (LiFeSO4F, NaFeSO,4F),

layered (Na,FePO4F) and olivine (NaFePO,) type materials.

4.2 Method

As described in Chapter 2 atomistic scale simulations are based on the energy
minimization of the structure by employing interatomic potential parameters.'’® The structure

obtained from the X-ray refinement studies was used as input to the General Utility Lattice
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Program (GULP) as describe in Chapter 2. Interactions between ions in the fluorosulfate,
phosphate and fluorophosphate structures consist of a long-range Coulombic term and a short-
range component representing electron-electron repulsion and van der Waals interactions. The
short-range interactions were modeled using the two-body Buckingham potential (Table 4.1 and
Table 4.2). An additional three-body term was used for the XO4" (X =P, S) units to account for

215 and

the angle dependent nature of O-X-O bonds, as previously used for other sulfates
phosphates.” The well-known shell model*® was employed to account for the polarizability
effects of charged defects on the electronic charge clouds. The Fe-O and Li-O, P-O and O-P-O
interatomic potentials were taken from a study on LiFePO,.” The Na-O, S-O, O-F, Fe-F and A-F
(A= Li, Na) interactions were obtained by refining parameters from previous studies on fluorides
and oxyfluorides.?!” For the sulfate component, the interatomic potential model successfully
formulated to simulate M,SO, (M = Na, K, Rb and Cs) and XSO, (X = Sr, Ca, Ba)**®> was used.
A Morse potential was used to describe intra-molecular bond-stretching interactions between S
and O ions in the sulfate group.® The lattice relaxation about defects (such as Li vacancies) and
migrating ions was calculated by an implementation of the Mott-Littleton scheme incorporated in
the GULP code.?*® This method partitions the crystal lattice into two regions, where ions in the

inner region immediately surrounding the defect (on the order of >700 ions) are relaxed

explicitly.

The classic hopping model of ion diffusion was used to calculate the activation energy
barrier for migration of the Li or Na —ion in the structure. To find the least energy hopping path,
the energy of the structure was calculated for the intermediate ion-vacancy distribution during
hopping. To accomplish this, ten points were chosen on the line joining closest Li or Na sites in

the structure and energy of simultaneous creation of two vacancies (at either end of the hop) and
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the migrating alkali ion interstitial at each of the ten points as their initial position were
calculated separately. The position of the alkali ion was allowed to change during simulation and

thus minimum energy path was mapped for alkali ion migration between any two sites.

Table 4.1 Short range potential parameters for tavorite type LiFeSO4F and NaFeSO4F

(a) Buckingham potentials
Pair A (eV) p (A) C (eVAY) Y(e) K(eVA?) | Cutoff (A)
Li* - 0%%*" | 4787.6 0.20 0.00 1.00 99999 20
Na® - 0’%" | 9150.6 0.22 0.00 1.00 99999 20
Li* - F 400.6 0.27 0.00 1.00 99999 20
Na" - F 4000.6 0.22 0.00 1.00 99999 20
Fe* - 0"% | 7500.0 0.22 0.00 2.997 19.26 20
Fe - F 5609.2 0.23 0.00 2.997 19.26 20
F-F 1153.0 0.14 0.00 -2.321 63.58 20
o . F 200.0 0.30 8.99 -0.84 99999 20
0%* . o"%* | 10358 0.20 25.93 -0.84 99999 20
(b) Three body
Bond K @o(o) Cutoffs Rij,Rik,Rjk (A)
Q8% . gh¥br_ ol 15.000 109.47 1.8,1.8,3.2
(c) Morse potential
Bond D B Ro Cutoff (A)
Q8% . gh¥br_ ol 5.000 1.200 1.505 1.8
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Table 4.2 Short-Range Potential Parameters for olivine Na[Fe,Mn]PO, and layered Na,FePO4F

(a) Buckingham potentials
Pair A (eV) p(A) | C(eV-A% Y | K(V-A | Cutoff
Na® - O 560 0.32 0.00 1 99999.0 | 20
Na® - O 1497.83 0.28748 0 1 99999.0 | 20
Na" - F 8000 0.20 0 1 99999.0 | 20
Fe’* - 0% 1105.25 0.31 0.00 299 | 19.26 20
Mn** - 0% 1305.25 0.31 0.00 299 | 19.26 20
P>* -0~ 897.25 0.35 0.00 5 99999.0 | 20
0%-0” 22764.3 0.14 44,53 -2.96 | 65.00 20
O° F 200 0.3 8.99955 - - 200
F-F 1153 0.1365 0 232 | 6357 1153
(b) Three body
Bond k (eV-rad?) A (°) Cutoffs Rij,Rik,Rik
0%-P>*-0 [1.322 109.47 1.8,1.8,3.2

4.3 Results and Discussion

4.3.1 Crystal Structure and Potential

The structure of LiFeSO4F belongs to the tavorite family of mineral structures,
crystallizing in the triclinic P-1 space group as described in Chapter 3. The structure
encompasses chains of alternately oriented corner-shared FeO4F, octahedra that run along the c-
axis and share fluorine located on opposite vertices. Each of the four oxygen atoms in the
polyhedron is also bonded to a sulfur atom, forming Fe-O-S-O-Fe chains that cross-link the
structure. The separation between the FeO4F, octahedral chains introduced by the corner-sharing
SO, tetrahedra results in three primary open tunnels along the [100], [010], and [101] directions
in the structure that house the Li ions (Figure 4.1). In NaFeSO4F, the connectivity between
atoms is essentially the same, as seen in the structure illustrated in Figure 4.2 (and Chapter 5).

However, the lattice adopts a higher symmetry space group (P2:/c) compared to that of
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LiFeSO4F and thus there are subtle differences. Most importantly, the corresponding
crystallographic directions between the two structures are different. They can be correlated by
noting that the tunnels along the [100] and [010] directions in the LiFeSO4F correspond to the
[110] and [-110] directions in the NaFeSO4F. The starting structural parameters of the current
simulation study were the observed crystal structure, in which the LiFeSO4F structure has been
refined experimentally with two half-occupied Li sites. This was modeled in a P-/ supercell with
alternate occupation of these two sites, where Lia and Lig represent the alternate full occupancy
of the Lil and Li2 sites respectively. The potential parameters used in this study were used to
simulate optimized structures, with a direct comparison of the experimental and the calculated
structures reported in Table 4.3, Table 4.5 and Table 4.6 . The calculated a, b and ¢ unit cell
parameters deviate from experiment by at most 0.07 A, and in most cases much less.

In the olivine NaMPOy structure (space group: Pnma), MOg octahedra link to each other
via corner sharing in the ab plane. Sandwiched between these planes are PO, tetrahedra which
share corners and edges with the MOg octahedra. Such a framework provides open channels
along b-axis in which Na ions are located (Figure 4.5). In the layered-Na,FePO4F structure, iron
is located on two crystallographic sites (Fel and Fe2) and the coordination polyhedra around
them are connected to form face shared bi-octahedron units (Figure 4.7). These units are
connected in the a-direction to from Fe-F-Fe chain. The chains are connected to each other by
POy tetrahedra along the c-direction, forming a layer of Fe;OgF3-PO4 units in the ac plane. Na
ions reside in these interlayer spaces. Calculated lattice parameters and comparison to the
experimentally reported values for olivine NaMPO, and layered Na,FePO4F are shown in Table
4.4 and Table 4.7. Lattice parameters (unit cell lengths and angles) for all four compounds could

be simulated within a maximum difference of 0.09 A from experimentally reported values. Bond
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lengths were also very similar. The successful reproduction of the complex crystal structures
provide additional support that the potential models can be used reliably in the defect and
migration calculations.

Table 4.3 Calculated and experimental structural parameters for AFeSO4F (A=Li, Na)

LiFeSO4F NaFeSO4F
Lattice Parameters
Calc. Exp. A Calc. Exp. A

a (A) 5.102 5.174 -0.072 | 6.648 6.673 -0.025
b (A) 10.919 10.988 -0.068 | 8.676 8.699 -0.022
c(A) 7.184 7.222 0.038 |7.252 7.187 0.065
a (°) 105.878 | 106.522 |-0.643 | 90.000 90.000 0.000
B (°) 107.210 | 106.485 0.724 | 111.839 113.524 -1.684
y (°) 96.746 97.791 -1.044 | 90.00 90.00 0.00
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Table 4.4 Calculated and experimental structural parameters for Na,FePO4F and NaFePO,

Lattice parameters a (A) b (A) c (A)
NaFePOy

Expt. 10.410 6.228 4.952

Calculated 10.316 6.163 4.929

A -0.094 -0.065 -0.022
NaMnPOy4

Expt. 10.557 6.335 4.996

Calculated 10.666 6.302 4.960

A 0.109 -0.034 -0.035

NaFeysMngy sPOy4

Expt. 10.493 6.296 4.980

Calculated 10.462 6.218 4.944

A -0.032 -0.078 -0.037
Na,FePO4F

Expt. 5.220 13.854 11.779

Calculated 5.231 13.847 11.744

A -0.011 0.008 0.034
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Table 4.5 Comparison of selected bond lengths of experimental and calculated tavorite

LiFeSO4F structure

Atom 1 | Atom 2 | Count | Distances ([A], (Experimental)) | Distances ([A], Calculated)
Fe(1) F(1) 2X 2.02 2.03
0O(3) 2X 2.13 2.13
0(4) 2X 2.15 2.14
Fe(2) F(1) 2X 2.01 2.02
0(1) 2X 2.14 2.12
0(2) 2X 2.23 2.15
S(1) | o) 1x 1.47 1.45
0(4) 1x 1.47 1.47
0(2) 1x 1.48 1.45
0(3) 1x 1.50 1.45
Li(1) | OQ) 1x 2.51 2.20
0O(3) 1x 1.84 2.05
F(1) 1x 1.90 1.81
0O(4) 1x 2.03 2.08
0(2) 1x 2.25 2.13
Li2) | FQ) 1x 1.84 1.81
0(2) 1x 1.95 2.13
0O(3) 1x 2.07 2.05
0(1) 1x 2.25 2.20
0O(4) 1x 2.54 2.08
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Table 4.6 Comparison of selected bond lengths of experimental and calculated tavorite

NaFeSO4F structure
Atom 1 | Atom 2 | Count | Distances ([A], (Experimental)) Distances ([A], Calculated)
Na F(1) 1x 2.17 2.02
0(2) 1x 2.30 2.47
0O(3) 1x 2.39 2.50
O(4) 1x 2.54 2.57
O(1) 1x 2.48 2.55
Fe F(1) 1x 1.92 1.97
F(1) 1x 2.02 1.98
O(4) 1x 2.13 2.14
0(1) 1x 2.17 2.15
0O(3) 1x 2.25 2.15
0(2) 1x 2.27 2.16
S 0(2) 1x 1.46 1.47
0(1) 1x 1.50 1.47
0O(3) 1x 151 1.47
O(4) 1x 1.53 1.47
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Table 4.7 Comparison of selected bond lengths of experimental and calculated layered

Na,FePO4F structure
Atom 1 | Atom 2 | Count | Distances ([A], (Experimental)) | Distances ([A], Calculated)
Fe(l) | FQ) | 1x 2.04 2.01
o1 | 1x 2.10 2.07
0@) | 1x 212 2.08
FO) | 1x 2.14 2.10
0@ | 1x 2.17 2.18
P | 0@ | 1x 151 1.51
o) | 1x 1.53 1.54
0@ | 1x 1.55 1.56
0@) | 1x 1.56 157
Na(l) | FQ) | 1x 2.35 2.37
0Q) | 1x 2.36 2.38
0@) | 1x 241 2.41
o) | 1x 2.42 2.46
0Q) | 1x 2.46 2.46
FQ) | 1x 252 2.59
Na2) | 0@2) | 1x 2.29 2.28
FQ) | 1x 2.32 2.36
0@) | 1x 2.38 2.38
FQ) | 1x 241 2.45
o) | 1x 241 2.47
o) | 1x 2.29 2.28
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Table 4.8 Comparison of selected bond lengths of experimental and calculated olivine NaFePO,

structure
Atom1l | Atom2 | Count Distances ([A], (Experimental)) | Distances ([A], Calculated)
Na(1) O(1) 2X 2.29 2.30
0(2) 2X 2.33 2.30
0(3) 2X 2.41 2.45
Fe(1) 0(2) 1x 2.05 2.02
0O(3) 2X 2.13 2.11
O(1) 1x 2.15 2.14
0O(3) 2X 2.32 2.26
P(1) 0O(3) 2X 1.54 1.52
0(2) 1x 1.55 1.56
O(1) 1x 1.55 1.57

4.3.2 Intrinsic atomic defects

The isolated defect (vacancy and interstitial) energies were calculated for LiFeSO4F,
NaFeSO4F, NaMPO, and Na,FePO4F which were then combined to determine the formation
energy for Frenkel and Schottky-type intrinsic defects. The following equations represent the

reactions involving these defects (using Kroger-Vink notation; A = Li or Na):

A Frenkel: ALV, + A @)

M Frenkel M,—M"+V, 4
F Frenkel FX >V:+F ®)
AF Schottky-type: ~ AX + FX —V, +V. + AF (6)
FeF, Schottky-type: Fe), + FX —V, +2V; + FeF, 7
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A/Fe “anti-site” pair defect which involves the interchange of an A™ ion with an
Fe**/Mn®" ion, was also examined. This is worth investigating since Li/Fe “cation exchange”
effects have been a significant topic of discussion for LiFePO,.” This process can be described

by the following equation:

Anti-site: A+MY — AL +M: (8)

Examination of the resulting defect energies in tavorite type structures, listed in Table
4.9 reveal two main predictions. First, the formation of all Frenkel and Schottky defects is
unfavorable in both of the tavorite type AFeSO4F (A= Li. Na) structures. Interestingly, the
results suggest that fluoride vacancies and fluoride interstitials are unlikely to exist in the pure
(undoped) materials. Second, the anti-site energies are also relatively high which indicates that
there would be no significant concentration of Fe on A sites at operating temperatures in the
tavorite-type fluorosulfates. These results suggest that “blocking” effects involving Fe on Li or
Na sites are much less likely in the tavorite type AFeSO4F positive electrode materials than in
olivine type LiFePO,.”

The calculated defect energies for NaMPO,4 (M = Fe, Mn, FegsMngs) are shown in Table
4.10. A positive energy of formation indicates that all of the Frenkel and Schottky defects are
unfavorable in olivine type materials. Therefore, their concentration in the bulk is not expected to
be significant. This trend is similar to the energy of defect formation previously reported for the
olivine type LiFePO, using atomistic simulation methods.”® In contrast, antisite defects are found
to be the most favorable (lower energy of formation than corresponding values in olivine type
LiFePO,4) which indicates that these are most frequently occurring defects in the olivine type
NaMPQ,. The lower energy of antisite defect formation is in agreement with the observation that

209

upon heat treatment, olivine NaFePO, transforms to maricite™” structure in which metal sites are
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completely switched as compared to the olivine structure i.e. M1 site is occupied by the
transition metal and M2 site is occupied by the Na. The different connectivity of the Fe and Na
octahedra in maricite compared to olivine does not provide a facile Na-ion migration pathway (as
confirmed by preliminary calculations that suggest the alkali diffusion barrier is very high)*!!
and results in a structure that is not amenable to Na' (de)insertion. In its thermodynamically
stable form, NaMnPO, adopts the maricite structure, although in another polymorph of
NaMnPO,, natrophilite, the M1 and M2 sites are both half occupied by Mn®" (0.83 A) and Na™.
As a result, the only method for preparing electrochemically active olivine NaMPOy relies on the
topotactic conversion of olivine LiMPO, (for M= Fe) via a delithiation-sodiation process or a
low temperature synthesis method involving a topotactic conversion of NHsFexMn; \PO4 H,0 in
NaFe,Mn,PO,."”® The fact that direct methods cannot be used to prepare crystalline olivine
NaFePOy confirms the highly metastable nature of this phase and consequently its tendency for
cation disorder. The topotactic synthesis method ensures that the obtained product forms with a
minimum concentration of antisite defects. However, the extraction of Na during electrochemical
charge may trigger the formation of antisite defects as has been observed for Lig 9oNip45Ti9 550,
obtained from Nag ooNio.4sTio.550,.2"" The anti-site defects can block diffusion paths for alkali ion
migration and force additional diffusion directions ultimately raising the energy barrier for Na/Li
ion migration in the structure. This results in a poor electrochemical performance for 1-D ion
conductors of the olivine type. Like olivine NaFePOy, in the layered Na,FePO4F as well (Table
4.10) all the Frenkel and Schottky defects are unfavorable. The energy of formation of antisite
defects is much lower. This will result in a small but significant percentage of the Fe on the Na

sites and vice versa. However, this is not expected to impact the Na-ion migration in the material

as discussed below.
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Table 4.9 Energy of formation of intrinsic defects in AFeSO4F (A=Lli, Na):

Disorder type Energy (eV)
LiFeSO4F | NaFeSO4F

A Frenkel 3.79 2.99
Fe Frenkel 7.60 10.09
F Frenkel 4.84 3.10
AF Schottky-type 4.22 4.10
FeF, Schottky-type 8.38 8.23
A/M antisite 2.50 2.40

Table 4.10 Energy of formation of intrinsic defects in Na,FePO4F and NaFePO,

Defects NaFePO, | NaFeysMnysPO,; | NaMnPO4 | NayFePO4F

Na-Frenkel 295 299 235 3.22

Fe- Frenkel 6.60 501 . 5.24
Mn- Frenkel i 491 728 -

Na,O Schottky 10.05 10.06 9.71 10.78

FeO Schottky 731 748 - 5.19

FeF, Schottky ) . - 4.31
MnO Schottky ) 9.79 938 -

Na/Fe Antisite pair (isolated) 0.86 0.86 - 1.00
Na/Mn Antisite pair (isolated) ) 1.02 1.06 -
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4.3.3 Li-ion Migration in Tavorite-Type-LiFeSO4F

In the LiFeSO4F unit cell, there are two Li sites occupy two diametrically disposed
positions in the tunnels that run along either the [100] or [010] directions, as shown in Figure 4.
From this, main migration paths between adjacent Li sites were identified. There are three
possible Li-Li hop distances along [100] and three Li-Li hop distances along [010] as shown in
Figure 4.1a. These hops (L1-L6) represent all the possible migration paths between adjacent Li
sites.

The calculated activation energies for Li ion migration in LiFeSO4F are included in
Figure 4.1 (and listed in Table 4.11), revealing three main points. First, the lowest migration
energies are 0.36 — 0.46 eV for hops involving paths L3 to L6. Such relatively low values
suggest high Li mobility in the LiFeSO4F material, important for good electrochemical behavior.
Second, the results indicate that the favorable Li migration paths are a combination of two
diagonal hops. These diagonal or zig-zag hops form continuous pathways through the structure
and allow long-range diffusion along the tunnels in the [100], [010] and [111] directions, with
the lowest energy path along [111]. The 3D-view of the structure (Figure 4.3) reveals that four
unique hops (L3-L6) are possible for each Li ion which leads to continuous interconnecting paths
and effective 3D transport of Li ions. Note that L1 and L2 are hops between symmetry-
equivalent sites (i.e., Lia-Lia), along the [100] and [010] directions respectively, and are found to
have high and unfavorable activation energies (> 1.0 €V); this is probably due to the migrating Li
ion coming into close proximity to the FeO4F, octahedra. Finally, although direct comparison
with Li-ion conductivity data is not straightforward, the calculated values of about 0.4 eV is
consistent with experimental activation energies for Li diffusion in other related framework

materials.?*°
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Table 4.11 Calculated activation energies for most favorable paths of alkali ion migration in

LiFeSO4F
Net diffusion direction Jumps involved Activation energy (eV)
[100] L3+L4 0.46
[010] L5+L6 0.44
[001] L3+L6 0.46
[101] L4+ L6 0.44
[011] L3+L5 0.46
[111] L4+L5 0.36

Depending upon synthesis conditions, experimental values of the activation energy for Li
ion mobility in fluorosulfate tavorites measured by impedance spectroscopy are reported to be in
the range 0.77-0.99 eV for LiFeSO,F*®?! and 0.94 eV for LiMgSO4F.**> An estimated
diffusion coefficient using such values of the activation energy would be of the order of ~ 10™°
cm?/s, implying extremely limited ion mobility. These values are in contrast to the excellent
electrochemical and ion-conducting behavior exhibited by these two materials. LiFeSO4F is
known to have low thermal stability, therefore, inability to hot press the material leads to a poor
particle-particle contact. This may heavily impede ionic motion in the samples leading to high
activation energy values obtained by impedance measurements. A minimum value of 0.3 eV for
LiFeSO4F has been calculated along an unspecified direction using DFT methods.??> The
discrepancy between the calculated and experimentally measured activation energies have been
rationalized?? by including Li vacancy formation energy in stoichiometric LiFeSO4F. However,

this is unlikely as the thermodynamic minimum, guided by the entropy of the system always
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exists at a certain non-zero point defect concentration. Thus such systems will always have a

finite concentration of Li vacancies.

[100] [010]

Figure 4.1 Schematic illustrating the various Li distances in tavorite LiFeSO4F along the
primary tunnels a). [100] and b). [010]. The preferable Li ion hopping paths are shown where
each color belongs to a unique hop with distinct activation energy. Corresponding long range
transports within the lattice are shown in ¢) and d); e) and f) show coordination polyhedra around

Li and hopping window for Li-ion migration. The same color code is followed as in (a).
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4.3.4 Na- ion Migration in Tavorite-Type-NaFeSO4F

NaFeSO,F crystallizes in a different space group (P21/c) to LiFeSO4F (P-1) with only one Na"
ion site in the unit cell (Figure 4.2, see Chapter 5 for structural details). Hence, the two
intersecting tunnels, that are inequivalent in LiFeSO4F (along [100] and [010] directions)
become equivalent in NaFeSO4F (i.e., along [110] and [-110] directions) and therefore only one
schematic is shown in Figure 4.2. As with the LiFeSO4F, the main migration paths in
NaFeSO4F between adjacent Na sites were identified. The calculated activation energies for Na
ion migration in NaFeSO4F are included in Figure 4.2 (and listed in Table 4.12), indicating two
key results. First, the lowest migration energy is 0.6 eV for hops involving paths N4 and N5,
with other paths (N3-N5) involving short Na-Na distances (< 4.5A) having activation energies of
about 0.9 eV. Hence, the Na migration energy in NaFeSOLF is higher than that for Li migration
in LiFeSO4F, which suggests lower Na mobility. Second, the favorable Na migration paths are
also a combination of diagonal or zig-zag hops forming continuous diffusion pathways through
the structure. This large difference in magnitude indicates that Na* ion diffusion in NaFeSO4F is
effectively one dimensional. The tunnel-structured material NasTiP,Oy has been reported to be a
Na-ion conductor with activation energy as high as 1 eV, based on single crystal experiments.**’
The 3D-view of the structure (Figure 4.4) reveals that the lowest energy hop (0.6eV) leads to
continuous interconnecting paths but only through the [101] tunnel and effective 1D Na'
transport. As in the LiFeSO4F, the highest energy migration path (1.9¢V) involving N1 and N2
is close to the FeO4F, octahedra, which is probably due to stronger steric interactions with the
larger Na' ion. Overall, these simulations suggest that the ionic conductivity of NaFeSO4F
should be lower than LiFeSO4F. It has been pointed out earlier that split site occupancy of Li

ions as opposed to fixed Na ion site may indicate higher Li ion mobility in the structure and this
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is also confirmed by comparing bond sums (0.99 in LiFeSO4F vs. 1.16 in NaFeSO4F). However,
direct comparison with electrochemical behavior is not straightforward. Indeed, electrochemical
(de)insertion in any electrode does not solely depend on the ionic conductivity. These may be
nested in the two-phase driven (de)intercalation process (with a 14.5% volume difference in the
end-member phases in case of NaFeSO4F), which adds a substantial additional phase boundary

migration energy term.

Table 4.12 Calculated activation energies for most favorable paths of alkali ion migration in

NaFeSO4F
Net diffusion direction Jumps involved Activation energy (eV)
[100] N3 + N4 + N5 0.91
[010] N3 + N4 or N3 + N5 0.91
[001] N5 0.91
[110] N3 + N4 + N5 0.91
[-110] N3 + N4 + N5 0.91
[101] N4 + N5 0.60
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Figure 4.2 Schematic showing the various Na-Na distances in NaFeSO4F along the primary
tunnels a). [110] or [-110]; The preferable Na ion hopping paths are depicted in color, where
each color belongs to an unique hopping activation energy; b) Corresponding long range
transport within the lattice; ¢) Coordination polyhedra around Na site and corresponding hopping

window for Na-ion diffusion. Same color code is followed as in (a).
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Figure 4.3 Full view of the structure and ion conduction pathways : 3D Li ion conduction in

LiFeSO4F.

Figure 4.4 Full view of the structure and ion conduction pathways : 1D Na ion conduction in NaFeSO4F
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4.3.5 Na-ion Migration in Olivine NaMPO, (M=Fe, Mn, FeqsMngs)

As described previously, the olivine structure is formed by edge and corner sharing
octahedra and tetrahedra in orthorhombic space group Pmma (no. 62). Such arrangement of
cations in the structure provide tunnel like features along b axis in which alkali ion (Li or Na) is
located. To study the Na ion migration in olivine NaMPQO, the pathways similar to already
identified” for the most facile migration of Li in olivine LiFePO, were chosen for the
investigation. It is expected that being the same crystal structure; least-hindered paths for alkali
ion migration will be similar in both the compounds. These paths are: 1) along [010], 2) along
[001], and 3) along [101]. Path along the b-axis [010] of the structure provides facile channels
for Na ion migration. Along path “[001]”, Na-atoms are placed at relatively far distances from
each other and coordination polyhedra surrounding Fe and P provide a narrow window for ion
migration. Path along [101] bisects a and c-axes and passes through a narrow window formed by
MOg and PO, polyhedra. Figure 4.5 presents the hopping activation energy values. Activation
energy along [001] and [101] are relatively much higher in energy and therefore these are
unfavorable for Na ion migration. This is similar to what was reported for Li ion migration in
olivine LiFePO,. The activation energy along [010] is lowest and it is even lower than the
activation energy calculated for Li ion migration along the same path in the corresponding Li-
olivine compound. Figure 4.6 shows minimum energy migration path way for Na ions. For half
substituted NaFeysMnosPO,4, migration energy barriers are slightly increased (Table 4.11).
However they still remain much smaller than their Li analogues (LiFegsMngsPO,). These trends
continue for NaMnPQ,. The activation energy barrier for Na ion migration in this compound
along b-axis is highest among the Na-olivines but lower than its Li-analogue LiMnPQO,. It is

noteworthy that along [101] axis, activation energy barriers actually decrease upon substitution

118



of Fe by Mn in the composition (unlike their Li-analogues) but they still remain much higher
than along the b-axis.

Higher mobility of Na in NaFePO, in comparison to Li in isostructural LiFePO, can be
attributed to much longer average Na-O bond lengths (2.34 A) than Li-O (1.96 A). As a result,
tunnels along b-axis are wider in Na-compounds (Figure 4.5) but naturally the size of the Na”
cation is also larger than that of Li*. Figure 4.5c shows two edge shared NaOg polyhedra both of
which are slightly tilted towards each other thereby opening the faces below shared edge
considerably. Such distortion clearly adds to the migration space for the curved path by
providing larger opening for Na-hopping from one site to another. In addition, it is known that
polarizability effects are important in which there are differences between the transport behavior

of highly polarizing cations such as Li* and that of less polarizing cations such as Na".

4.3.6 Na-ion Migration in Layered Na,FePO4F

Layered NayFePO4F unit cell consists of 6 unique Na-Na distances (numbered N1 to N6).
Possible hopping directions for Na-ion migration are shown in Figure 4.7 (cutoff length = 4 A).
As shown, the smallest repeating unit of the sodium consists of 8 atoms. Calculations were
restricted to all possible inter-atomic hopping of Na ions/vacancies among these atoms of which
4 are on Nal site and the other four are on Na2 site. Figure 4.7c and d show examples of
hopping window available for migration of Na along a and c-axes. Na —polyhedra connected by
hops N2, N5 and N6 share edge with each other and polyhedra connected by hop N3 share faces
while those connected by N4 share edges. Figure 4.8 shows the least activation energy migration
path for the Na ion and activation energy barrier (in eV) for Na,FePO,4F. Ion migration in the c-
direction occurs through N4-N3-N6 (0.3 eV) hop sequences, and along the a-direction occurs

through a N2-N3-N5-N6 pathway (0.44 eV). These results show that there should be high Na*
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mobility within the a-axis and c-axis channels, and 2D Na migration in the ac plane. This

behaviour contrasts with that of NaFePO,, which only allows Na" migration along 1D channels

parallel to the b axis. Most importantly, ion blocking by anti-site defects is much less likely to

make a significant difference to Na—ion migration in Na,FePO4F than it does in olivine materials

exhibiting 1D diffusion. It is interesting that the calculated energy barriers in Na,FePO4F are

almost the same as in olivine NaMPOQO, (~ 0.3 eV), but much lower than the values found for

tavorite-type NaFeSO4F (> 0.6 eV) using similar simulation methods.

Table 4.13 Calculated activation energies (in eV) for most favorable paths of alkali ion

migration in Na-olivines

Direction Ea ,NaFePO4 Ea , NaFeO. 5Mn0. 5PO4 Ea , NaMnPOy,
[010] 0.32 0.36 0.46
[001] 2.73 2.90 3.10
[101] 3.03 1.50 1.51

120




b)
Fe layer —>

Na-P layer ——>®

0 10]

Figure 4.5 a) Unit cell of olivine type NaFePO, (brown polyhedra: FeOg and yellow polyhedra:
POy, Black atoms represent Na) and Na-Na distance along b-axis b) tunnel dimensions for
olivine NaFePQO, are (numbers in brackets show these lengths for isostructural LiFePO,). c)
coordination polyhedra (dark grey) around Na-site and examples of hopping window for long

range Na migration along b-axis in olivine NaMPO,.

121



Figure 4.6 Na ion migration path along b-axis in olivine type NaMPQ,. Black atoms represent
Na in the olivine structures and most facile pathway for Na-ion hopping is represented by green

colored atoms. MOg and PO, polyhedra are represented in brown and yellow color respectively.

Table 4.14 Calculated activation energies (in eV) for most favorable paths of alkali ion

migration in olivine Na,FePO4F.

Direction Jumps involved E

[100] N3-+N5 0.29

[001] Various combinations of N2, N3, N4 and N5 | 0.44

[010] - >2
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Figure 4.7 a) Unit cell of layered Na,FePO4F (brown polyhedron: FeOg and yellow polyhedron:

PO,, Black atoms represent Na) and Na-Na distance (cutoff distance: 4A) b) Fe and Na layers in
layered Na,FePO4F. Coordination polyhedron around Na-site in Na,FePO4F and hopping

windows for long range Na migration path c) along a-axis; and d) along c-axis.
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Figure 4.8 Na-ion migration path along a and c-axes in Na,FePO,F, octahedra FeO,4F, and
tetrahedra PO, are represented by brown and yellow color respectively. a) along c-axis; long
range migration path is formed by combination N4-N3-N6. b) along a-axis Na-ions migrate by a

combination of N3-N5 hops.
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4.3.7 Estimation of Diffusion Coefficient

The diffusion coefficient of any diffusion hop according to the dilute diffusion theory can

224

be estimated using:™" D = gI'a® where D is the chemical diffusion coefficient, g is the geometric

factor, “a” the hop distance and I' the hopping rate defined according to transition state

225

theory:™> T =" expC /KD

where v is the attempt frequency and E, is the migration activation

energy. Thus, the activation energy gives a direct estimate for the diffusion coefficient over a
specific hop distance. For calculations in the current thesis, g is taken as 1 (spherical particle)
and vas 10" s which is typically used for framework materials.**

Dilute diffusion theory can be assumed to be reasonably valid for fluorosulfate,
fluorophosphates and phosphate materials since (de)lithiation/sodiation in all of these material
occurs via a two phase process over most of the compositional range. In this case, the new phase
formed upon (de)lithiation remains nearly stoichiometric in nature, thus giving a very dilute, and
therefore non-interacting, concentration of the charge carrying defects (Li", Na' ions or
vacancies). Along the most facile ion transport path in LiFeSO4F, diffusion coefficients for Li
are estimated to be in the range of 10 -10"° cm?®/s and for Na ion diffusion in NaFeSO4F that
value is 7.14*10°"3 cm?/s. For olivine NaFePO,4 Na-ion diffusion coefficient along the tunnel (-
axis) was estimated to be ~ 5*10™® cm?/s and in Na,FePO4F, these values are ~ 7.5%10™ and ~
43*107 cm*/s along ¢ and a directions respectively. Using electrochemical methods, the

diffusion coefficient of Li in nearly stoichiometric LiFeSO4F has been determined to be of the

order of 102 cm?/s.2%¢

4.3.8 Electrochemical Behavior vs. lonic Conduction

Activation energy barriers in NayFePO,4F are similar to olivine type NaMPQO, materials and

much lower than the values calculated for tavorite type NaFeSO4F. Na-de-/intercalation from
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Na,FePO,4F has been observed to be much more facile than olivine NaFePO, and tavorite type
NaFeSO4F. This can be explained partially by invoking phase separation observed between
charged and discharged phases during cycling. All of these compounds form a phase boundary
between oxidized and reduced phases during charge/discharge which imposes an additional
activation energy barrier that corresponds to the movement of the phase front in the material.
Electrochemical performance is controlled by the amount of strain generated in this phase
boundary, as well as by the activation energy barrier (E,) for ion transport. Strain generated in
the phase boundary is proportional to the difference in the unit cell volume (AV) of the oxidized
and reduced phases which is ~17% for NaFePO,, ~14% for NaFeSO4F but only ~3.7% for
NaFePO4F. In the case of olivine type NaFePOQy,, it has been recently pointed out that the stress
generated by formation of the phase boundary is the root cause for different electrochemical
profiles during charge and discharge.”'* For mixed transition metal phosphate NaFeosMnosPOs,
it has been reported that no phase boundary is formed upon Na de/-intercalation.'”® However, a
very large strain in the material can still be expected during the charge-discharge process as unit
cell volume difference between fully oxidized and fully reduced compositions is 21%. A large
volume change between the end members also induces very significant polarization during
charge and discharge as seen for olivine NaMPO,. In contrast, polarization is almost absent in
the case of carbon coated layered Na,FePO,F.*'’ This may explain the poor electrochemical
performance of NaFeSO4F (E;=0.60-0.91 eV, AV=14.3%) and NaFePO, (E, = 0.32 eV,
AV=15%) as compared to NaFePO,F (E,= 0.30-0.44eV eV, AV=3.7%). In the case of Li-
intercalation electrodes the volume difference for LiFeSO4F is ~10% as compared to ~6.7% of

LiFePO,. Better electrochemical performance of LiFeSO4F indicates that in this case strain
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generated by ~3% larger unit cell volume change at the phase boundary is easily overcome by

very high 3-D diffusion coefficient of Li in the tavorite structure of LiFeSO4F.

4.4 Conclusions

The atomistic scale simulations show good reproduction of the observed structure of all the
tavorite (LiFeSO4F and NaFeSO4F), olivine (NaMPO4, M= Fe, Mn, Fe(sMngs) and layered
(NayFePO4F) materials. Formation of Frenkel and Schottky defects was found to be unfavorable
in all cases. The Li/Fe and Na/Fe anti-site energies in tavorite type materials suggest that there
would be no significant intrinsic concentration of Fe on Li or Na sites at operating temperatures
in these fluorosulfates. Antisite defect formation energy in olivine NaMPOy is much smaller than
LiFePO4 suggesting a higher degree of Na on Fe sites in accordance with the known
metastability of the ordered NaMPO, phases.

Investigation of the transport paths in LiFeSO4F indicates relatively low migration energies
(~0.4eV), suggesting high Li mobility, which is important for good rate capability and capacity
retention. The Li migration paths are a combination of diagonal jumps that form continuous
diffusion pathways in the open tavorite structure. Li" transport is found to be effectively 3D in
LiFeSO4F with diffusion along tunnels in the [100], [010] and [111] directions, with the lowest
energy path along [111]. The Na ion transport in the monoclinic NaFeSO4F is also mediated by a
combination of zig-zag jumps, but with higher activation energies (~0.9eV) than that for Li
migration in LiFeSO4F. The estimated diffusion coefficient for the most favorable migration path
through the [101] tunnel is at least six orders of magnitude higher than in any other direction,
suggesting that NaFeSO4F is effectively a 1D Na-ion conductor. Activation energy barrier for Li-
ion transport measured using impedance spectroscopy are much higher than reported here. This

discrepancy is mainly attributed to inability of obtaining dense pellets of tavorite LiFeSO4F,
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required for an accurate measurement of impedance, which mainly stems from the fact that the
material can not be sintered above 400°C.

Activation energy barrier for the Na-ion conduction in phosphate olivine framework is much
lower than for the Li-ion in similar framework. For layered Na,FePO4F, Na-ion conduction is
largely 2-D in ac plane with diffusion coefficient being slightly lower along a-direction. Smaller
activation energy barriers in the layered Na,FePO4F indicate that this compound as good ionic
conductor as olivine type NaFePO,.

The relationship between ionic transport and electrochemical properties among these
materials highlights the crucial importance of the volume expansion-induced strain on
de(intercalation), which is more substantial for the larger Na' (vs Li") ion. This has also been

highlighted recently by others.?"

The strain contributes significantly to the overall energy for
redox phase transformation, and hence materials with a high volume difference between the end
member phases will invariably lead to poor rate capability and also faster capacity fade owing to
electrochemical “grinding” which induces amorphization of the active material during charge
and discharge. Where this is coupled with high activation energy for Na-ion transport (e.g. > 0.8
eV) extremely poor electrochemical properties can be predicted, an example being NaFeSO4F
which exhibits almost zero intercalation capacity despite having an open tavorite-like framework
that is favorable for cation migration. High volume expansion combined with good ion transport
gives better, but still poor properties for 1D conductors such as NaFePO,4, where antisite defects
present additional barriers to Na" diffusion. However, very promising electrochemical properties
can be anticipated for Na' ion materials with low volume expansion on redox - and where good

electrical conduction is supported - since activation energy migration barriers can be low, as in

the case of Na,FePO4F. Although the interplay of all the above factors is clearly complex and
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still under investigation, these findings provide guidelines for the future design and synthesis of

high rate positive (and negative) electrodes for intercalation batteries. .
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Chapter 5

Synthesis and Crystal Structures of AMSO,4F
(A= Na, NH;, M= Fe, Mn)

5.1 Introduction

Electrochemical properties of electrode materials are closely related to their crystal structure.
This has led to multiple attempts in the past to design various synthetic control parameters to
obtain the desired structure for a given composition. For example, some of the layered oxides
based on transition metals (LiMO,, M=Mn, Ni) that cannot be synthesized in the ordered layered
polymorph using traditional synthesis methods, have been obtained using ion-exchange from
NaMO,. Remarkable improvements in the electrochemical performance are seen in co-
substituted materials LiMngsNigsO, when obtained using ion-exchange methods from
NaMno sNios0,.2" The olivine LiMPO, are not thermodynamically stable as Li is replaced by
Na.??® NaMPO, crystalizes in maricite framework when synthesized using conventional solid
state methods and does not show any electrochemical activity. Recently, however, it has been
shown that olivine NaFe; «MnPO, can be prepared by ion exchange method from NHjFe;.
Mn,PO,H,0."® The replacement of Li by Na-ions in well-known positive electrode materials
for Li-ion batteries is a very popular technique for finding good electrode materials for Na-ion
batteries. In most cases, Na-analogues display completely different thermodynamic stability
regimes and electrochemistry due to large ionic radius and greater mass of Na* compared to Li".

This chapter describes the synthesis and crystal structure of various Na* and NH," based

transition metal fluorosulfate AMSO4F (A=Na’, NH;"; M=Fe, Mn). Similar methods, as
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described in previous chapters have been used to prepare these materials followed by PXRD and
SEM characterizations. Rietveld refinements were carried out to determine structural details for

each compound using TOPAS 4.2 and GSAS on EXPGUI platform.

5.2 Experimental

Synthesis methods described in Chapter 2 and Chapter 3 were used to prepare all the
compounds described in this chapter. NaF (Sigma-Aldrich) or NH4F (Sigma-Aldrich) and
MSO4H,O (M=Fe, Mn) were used as precursors in order to synthesize NaMSO4F or
NH4MSO,F respectively. NH4FeSO4F could also be synthesized by using FeSO4 7H,0 instead
of FeSO4'H,0 as the precursor. For the synthesis of NaMSO4F compounds, precursors were ball
milled in a planetary ball mill (Fritsch pulverisette 5) under Ar atmosphere with typically 1:30
weight ratio of precursors to agate balls (10mm diameter) in an agate container for 10 hours. The
ball milled mixture was transferred into a 43 ml Teflon™-lined Parr reactor along with 30 ml of
the tetraethylene glycol (TEG) and stirred for 30 min. The reactor was then placed in an oven
preheated to 220°C for the synthesis of NaMSO4F. After 40 hours of heating, the reactor was
taken out of the oven and cooled down on a lab bench to room temperature. No ball-milling of
precursors was required for the synthesis of NH;MSO,4F compounds, and in this case, they were
separately added to the solvent tetraethylene glycol (TEG). The solution was transferred into a
solvothermal reactor which was placed in a preheated oven at 200°C for 10 hours. Products were
washed with dry acetone or tetrahydrofuran (THF) three times and vacuum filtered in a bench
top glove-box filled with nitrogen followed by overnight drying in a vacuum oven at 100°C

before characterization.

131



5.3 Results and Discussion

5.3.1 NaFeSO,F

Following a topotactic reaction between NaF and FeSO4H,O in the glycol medium,
NaFeSO4F precipitates after 40 hours of the reaction at 220°C under the conventional
solvothermal conditions. The X-ray pattern is shown in Figure 5.1 and displays all the
characteristic peak of a tavorite-like compound. As shown in the SEM micrograph Figure 5.1
(inset), the particle size is much smaller than tavorite type LiFeSO4F (see Chapter 3), despite
identical iron monohydrate precursor used in preparing both the materials. This can be explained
by considering the topotactic reaction mechanism, since replacement of H* by bigger ion i.e. Na*
in the precursor MSO4'H,O creates much larger interfacial strain at the reactant-product phase
boundary as compared to smaller Li* cation and leads to multiple fragmentation of the parent
crystallites as the product NaFeSO,4F. Overall, framework connectivity in the structure remains
the same as the tavorite type structure of the LiFeSO4F, where FeO4F, octahedra are corner
shared via Fe-F-Fe link and share other corners with the SO, tetrahedra. PXRD pattern is
indexed in a monoclinic space group (P2,/C). Due to similar symmetry and lattice parameters,
CaTi(Geo 336Sl0.663)Os (P21/a, SG: 14) was chosen as the initial model for the refinement. The
initial atomic positions of Ca, Ti, Ge/Si and one of the bridging O were replaced by Na, Fe, S
and F atoms, and the setting was transformed to the standard P2;/c model. The structural details
and bond lengths are listed in Tables 5.1 and 5.2. The differences with tavorite type LiFeSO4F in
the relative rotation and disposition of the framework polyhedra give rise to slightly non-
equivalent pathways for ion migration. Bond lengths in Fe-coordination (Table 5.2) are slightly
longer on average than tavorite type LiFeSO4F and Na-X (X=0O, F) distances are much longer

than Li-X due to the bigger size of the Na" cation.
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5.3.2 Electrochemistry of NaFeSO4F

The results of electrochemical cycling of NaFeSO4F in a Li-electrolyte cell cycled
between 2.5 V and 4.5 V vs. Li/Li" at a rate of C/20 are shown in Figure 5.2. On the initial
charge cycle, a large overpotential is sustained up to 4.5 V, and there is no indication of a two-
phase region indicative of Na extraction. Nonetheless, upon discharge, a plateau near 3.55 V is
observed (as in LiFeSO4F) and 55% of the theoretical capacity is achieved. We conclude that
half the Na" is removed from the NaFeSO4F lattice on charge, possibly via ion-exchange with
Li* in the electrolyte as the first step. The fraction of FeSO4F generated on charge becomes
active for subsequent reversible Li* insertion, and the second charge cycle is different from the
first. The re-inserted Li" is extracted near 3.65 V, and the same capacity is obtained as on first
discharge. Additional overcharge to 4.5V on the second charge does not increase the capacity of
the subsequent discharge step (Figure 5.2), indicating that some portion of the material is poorly
accessible. Na® could be completely extracted from NaFeSO4F using an oxidizing agent, but

more forcing conditions (LM NOBF, in acetonitrile for 4 days) were required compared to

LiFeSO4F.
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Table 5.1 : Structural data obtained by refinement from powder XRD pattern of tavorite type

NaFeSO,4F

NaFeSO4F

Space group: P2i/c (#14), Monoclinic
M, = 193.89 g/mol
D=335gcm™

a=6.6836(2) A
b=8.7054(3) A
c=7.1912(2) A
p=113.5236(3)°
V = 383.64(3) A3

Atom | Wyck. x/a y/b zlc Occ. | Beq (AY)
Na(l) | 4e 0.2560(2) | 0.0876(6) | 0.7189(2) 1 3.82(8)
Fe(l) | 4e 0.7493(2) | 0.2489(1) | 0.0067(2) 1 2.27(9)
S(L) | 4e 0.2501(3) | 0.43027(5) | 0.7457(2) 1 2.41(2)
F() | 4e 0.7617(3) | 0.33915(8) | 0.7528(3) 1 2.41(2)
o) |4e 0.4144(4) | 0.3300(3) | 0.9035(3) 1 2.41(2)
0(2) |4e 0.1006(3) | 0.3283(3) | 0.5987(3) 1 2.41(2)
0(3) | 2e 0.3656(4) | 0.5245(3) | 0.6373(3) 1 2.41(2)
0(4) |4e 0.1398(4) | 0.5258(3) | 0.8527(3) 1 2.41(2)
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Table 5.2 Selected bond lengths obtained by refinement from powder XRD pattern of tavorite

type NaFeSO,4F

Atom 1 | Atom 2 | Multiplicity | Length (A)
Na(l) | F(1) 1x 2.1793(9)
0(2) 1x 2.3804(3)

0@3) 1x 2.4050(3)

o(1) 1x 2.4892(2)

0(4) 1x 2.5594(3)

Fe(l) | F() 1x 1.9557(2)
F(1) 1x 1.9669 (3)

0(4) 1x 2.1346(3)

o(1) 1x 2.1937(3)

0(@3) 1x 2.2333(3)

02) 1x 2.2519(3)

SO | o) 1x 1.4749(3)
0(1) 1x 1.4975(2)

0@3) 1x 1.4331(3)

0(4) 1x 1.5106(3)
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Relative intensity (A.u.)

50

Figure 5.1 a) PXRD pattern of NaFeSO4F. Black points represent experimental data, red solid
lines show fitted data while blue lines show the difference map between observed and calculated
data. Blue bars indicate the phase markers. X-ray diffraction agreement factors: Ry, = 2.91%, R,
= 2.19% x*= 2.11. b) Unit cell of NaFeSO4F obtained from the refinement (brown octahedra:

FeO,4F,, yellow tetrahedra: SOy, red atoms: O, black atoms : Na).
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Figure 5.2 Electrochemical charge-discharge curve of tavorite NaFeSO4F (rate: C/20, active

materials 80%, Super P : 20%).
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5.3.3 NaMnSO,F

NaMnSO4F was prepared by reacting NaF and MnSO4-H,O at 220°C for 40 hours under
solvothermal conditions with tetraethylene glycol (TEG) as the solvent. The X-ray pattern is
shown in Figure 5.2 along with the SEM micrograph (inset). NaMnSO4F is isostructural to the
triplite type LIMNnSO4F and the Rietveld refinement was carried out starting with this structural
model in Bruker-AXS TOPAS 4.2 (Figure 5.2). The structural details and bond lengths obtained
from the refinement are listed in Tables 5.3 and 5.4. Na and Mn are distributed over two sites;
however, Mn is slightly more concentrated on the M1 site. This is in contrast with earlier
conclusions that smaller atoms in triplites tend to occupy M2 site.**” Bond lengths around metal
sites are much longer than LiMSO4F triplites reported in Chapter 3 due to larger size of the Na*

cation.
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Table 5.3 Structural data obtained by refinement from powder XRD pattern of triplite type

NaMnSO4F

NaMnSO,4F

Space group: C2/c (#15), Monoclinic
My, = 192.99 g/mol
D=3.18gcm?

a=13.7657(9) A
b=6.6355(4) A
c=10.3446(7) A
p=121.4631(3)°
V = 805.98(9) A3

Atom | Wyck. | x/a y/b zlc Occ. | Beg(AY)
Mn(1) | 8f | 0.64663(4) |0.90407(9) | 0.83966(5) | 0.5907(9) | 4.48(2)
Na(l) |8f  |0.64663(4) |0.90407(9) |0.83966(5) | 0.4093(9) | 4.48(2)
Mn(2) [8f | 0.94901(4) |0.25351(9) |0.01104(5) | 0.4093(9) | 3.58(2)
Na(2) |8f  |0.94901(4) |0.25351(9) |0.01104(5) | 0.5907(9) | 3.58(2)
S(1) |8f  |0.32476(5) |05876(1) |0.19693(6) |1 3.87(1)
F(1) |8f  |099312(8) |0.4119(1) | 0.61533(9) |1 4.00(1)
O(1) |8f  |0.21347(9) |0.6272(2) |0.1864(1) |1 4.00(1)
0(2) |8f  |05905(1) |05238(1) |0.1487(1) |1 4.00(1)
O(3) |8f  |069215(8) |0.4046(2)  |0.4068(1) |1 2.00(1)
O(4) |8f  |0.63571(8) |0.7526(2)  |0.3500(1) |1 4.00(1)
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Table 5.4 Selected Bond lengths obtained by refinement from powder XRD pattern of triplite

type NaMnSO4F

Atom 1 | Atom 2 | Multiplicity | Length (A)
Mn(1)/Na(l) | O(3) 1x 2.1484(2)
F(1) 1x 2.1758(8)

F(D) 1x 2.2035(2)

o) 1x 2.2194(2)

0(4) 1x 2.2893(2)

0@3) 1x 2.3933(9)

Mn(2)/Na@2) | F(1) 1x 2.1296(1)
o(1) 1x 2.2432(1)

0(4) 1x 2.2752(2)

0(2) 1x 2.2912(1)

0(2) 1x 2.3397(1)

F(D) 1x 2.4037(1)

s(1) 0(4) 1x 1.4164(2)
0@2) 1x 1.4647(1)

o) 1x 1.5012(2)

0(3) 1x 1.5554(2)
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Figure 5.2 a) PXRD pattern of NaMnSO4F (black), the Rietveld refinement fit (red) and the
difference map (blue) along with phase markers (black). X-ray diffraction agreement factors:
Rup = 3.49%, R, = 2.53%, x°= 2.14. b) Unit cell of NaMnSO4F obtained from the refinement

(pink octahedra: (Mn, Na)O4F,, yellow tetrahedra: SO, pink atoms: Mn, black atoms : Na),
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5.3.4 NH,FeSO,F and NH,MnSO,F

NH4FeSO4F can be synthesized by reacting NH4F and FeSO,4°H,0 or FeSO4 7H,0 at 200°C
using solvothermal reaction conditions for 10 hours under conventional heating. Clearly, this is
not a topotactic reaction as FeSO,4 7H,0 adopts a completely different structure than the product.
The reactants used for NH;MnSO4F were NH4F and MnSO4H,0. The diffraction pattern and the
refinement for NH4FeSO4F are shown in Figure 5.3. NH4FePO4F, which adopts orthorhombic
space group Pna2; was used as the starting model for the refinement.??® These compounds
belong to the KTiOPO,4 (KTP) structure type.?*® Combined analysis obtained from single crystal
diffraction and Mdossbauer study of NH;FePO4F has been reported to conclude that these

compounds display strict ordering®

of O-F anions in this structure type. The structural details
and bond lengths obtained from partial refinement of the pattern is reported in Table 5.5 and
Table 5.6. The refinement was limited to only lattice parameters and atomic positions occupied
by transition metal and S atoms to obtain reasonable bond lengths. The structure is constructed
by corner shared zig-zag chain of MO4F, octahedra in [011] and [0-11] directions and two
fluorine atoms in the same octahedra are in cis position for the M1 site and in trans position for
the M2 site. Other four corners of the octahedra are shared with SO, tetrahedra. NH," cations are
located in the tunnels which are oriented along a and b directions (Figure 5.3). NH;MnSO4F
adopts similar structure as NH4FeSO4F (Figure 5.4). Structural details obtained from the
refinement of the PXRD pattern of NHsMnSO4F are listed in Table 5.7 and Table 5.8. Attempts
of topotactic ion exchange in these materials in order to produce NaFeSO4F or LiFeSO4F did not

produce single phase materials. To the best of my knowledge compounds NH4FeSO,F and

NH4MnSO4F have never been reported before.
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Figure 5.3 a) PXRD pattern of NH;FeSO4F (black), the Rietveld refinement fit (red) and the
difference map (blue) along with phase markers (blue). X-ray diffraction agreement factors:
Rwp=4.27%, Rp=1.92% %°=2.22. b) Unit cell of NH,FeSO,F obtained from the refinement (brown

octahedra: FeO4F,, yellow tetrahedra: SOy, red atoms: O, black tetrahedra :NH,").
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Table 5.5 Structural data obtained by refinement from powder XRD pattern of NH4FeSO4F

NH,FeSO,F
Space group: Pna2; (#33), Orthorhombic
M,, = 188.94 g/mol
D=26lgcm>
a=13.2628(2) A
b=6.6525(7) A
c=10.8651(1) A
V = 958.63(2) A3
Atom | Wyck. x/a y/b zlc Occ. | Beg(A9)
Fe(1) |4a 0.3774(7) 0.4953(4) |0.0155(2) |1 2
Fe(2) |4a 0.2509(2) 0.2662(2) 0.2693(2) 1 2
S(1) 4a 0.5046(4) 0.3394(2) 0.2476(3) 1 2
S(2) 4a 0.1754(2) 0.4982(5) 0.4986(4) 1 2
F(1) 4a 0.2748 0.4717 0.1298 1 2
F(2) 4a 0.2279 0.0327 0.3801 1 2
O(1) |4a 0.4867 0.4729 0.1355 1 2
0(2) |4a 0.5168 0.4686 0.3659 1 2
0(3) |[4a 0.4037 0.2024 0.2694 1 2
O(4) |4a 0.5964 0.1893 0.2304 1 2
O(5) |[4a 0.1164 0.3098 0.532 1 2
O(6) |4a 0.1166 0.6904 0.4756 1 2
O(7) |4a 0.2538 0.5487 0.6163 1 2
0(8) |4a 0.2552 0.457 0.3889 1 2
N(1) |4a 0.3897 0.7825 0.3131 1 2
N(2) |4a 0.0996 0.678 0.0646 1 2
H(1) |[4a 0.393 0.91 0.327 1 4
H(2) |4a 0.39 0.761 0.235 1 4
H(3) |4a 0.335 0.733 0.344 1 4
H4) |4a 0.441 0.724 0.346 1 4
H(5) |4a 0.132 0.672 0 1 4
H(6) |4a 0.117 0.584 0.11 1 4
H(7) |4a 0.039 0.666 0.05 1 4
H(8) |4a 0.11 0.785 0.099 1 4
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Table 5.6 Selected bond lengths obtained by refinement from powder XRD pattern of triplite

NH4FeSO4F
Atom 1 | Atom 2 | Multiplicity | Length (A)
Fe(l) | FQ) 1x 1.8440(2)
o) 1x 1.9494(2)
F2) 1x 2.0375(2)
0(6) 1x 2.0719(3)
0(5) 1x 2.0979(3)
0@2) 1x 2.1530(2)
Fe2) | O(@8) 1x 1.8110(2)
F2) 1x 1.9828(2)
F(D) 1x 2.0581(2)
0@3) 1x 2.0686(3)
0(4) 1x 2.1108(3)
o(7) 1x 2.1965(2)
SO | o@ 1x 1.5199(3)
0(2) 1x 1.5482(3)
0(4) 1x 1.5837(4)
0@3) 1x 1.6343(4)
S2) | o) 1x 1.5160(3)
0(5) 1x 1.5189(3)
0(8) 1x 1.6120(3)
o(7) 1x 1.6762(3)
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Figure 5.4 a) PXRD pattern of NH;MnSO,F (black), the Rietveld refinement fit (red) and the
difference map (blue) along with phase markers (blue). X-ray diffraction agreement factors:
Rwp=10.13%,R,=3.48% »* = 2.91. b) Unit cell of NH4FeSO,F obtained from the refinement

(pink octahedra: MnOy4F,, yellow tetrahedra: SO, red atoms: O, black tetrahedra :NH4"),
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Table 5.7 Structure data obtained by refinement from powder XRD pattern of NH;MnSO4F

NH4MnSO,F
Space group: Pna2; (#33), Orthorhombic
Mw = 188.03 g/mol
D=250gcm>
a=13.3963(1) A
b=6.7181(8) A
c=11.0854(1) A
V =997.66(2) A3
Atom | Wyck. x/a y/b zlc Occ. | Be(AY)
Mn(1) | 4a 0.3728(7) 0.4899(4) 0.0168(3) 1 2
Mn(2) | 4a 0.2508(2) 0.2642(3) 0.2652(2) 1 2
S(1) da 0.5051(4) 0.3391(3) 0.2480(4) 1 2
S2) |4a 0.1842(1) 0.5025(7) | 0.4976(4) |1 2
F(1) da 0.26932 0.50888 0.12653 1 2
F(2) 4a 0.23811 0.05966 0.38256 1 2
O(1) |4a 0.48833 0.45012 0.13215 1 2
0(2) |4a 0.51456 0.46239 0.36467 1 2
O0(3) |4a 0.41624 0.2227 0.27405 1 2
O(4) |4a 0.59618 0.20125 0.23202 1 2
O() |[4a 0.12839 0.31557 0.53242 1 2
O(6) |4a 0.1164 0.67685 0.48034 1 2
O(7) |4a 0.24493 0.53686 0.61906 1 2
0(8) |4a 0.2532 0.45676 0.38833 1 2
N(1) |4a 0.3897 0.7825 0.3131 1 2
N(2) |4a 0.0996 0.678 0.0646 1 2
H(1) |[4a 0.393 0.91 0.327 1 4
H(2) |4a 0.39 0.761 0.235 1 4
H(3) |4a 0.335 0.733 0.344 1 4
H4) |4a 0.441 0.724 0.346 1 4
H(5) |4a 0.132 0.672 0 1 4
H(6) |4a 0.117 0.584 0.11 1 4
H(7) |4a 0.039 0.666 0.05 1 4
H(8) |4a 0.11 0.785 0.099 1 4
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Table 5.8 Selected bond lengths obtained by refinement from powder XRD pattern of

NHsMnSO4F
Atom 1 | Atom 2 | Multiplicity | Length (A)
Mn(1) | F(L) 1x 1.8483(2)
0(5) 1x 2.0257(2)
0(6) 1x 2.1458(3)
F2) 1x 2.1541(2)
o) 1x 2.1940(2)
0(2) 1x 2.2859(2)
Mn2) | FQ) 1x 1.8805(3)
0(8) 1x 1.8995(3)
0(@3) 1x 2.1168(3)
o(7) 1x 2.2267(3)
F(D) 1x 2.2362(3)
0(4) 1x 2.2637(3)
S(1) | o®@) 1x 1.4533(4)
o) 1x 1.5018(4)
0@2) 1x 1.5408(4)
0@3) 1x 1.5419(4)
s | 0@) 1x 1.4942(4)
o(7) 1x 1.5113(4)
0(8) 1x 1.5543(4)
0(5) 1x 1.5899(4)
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5.4 Conclusions

NaFeSO4F, NaMnSO4F, NH;MnSO4F and NH4FeSO4F have been synthesized using
solvothermal techniques by employing conventional solvothermal method. NaFeSO4F adopts a
tavorite like structure but with higher order of symmetry than tavorite like LiFeSO4F.
NaMnSO4F is isostructural to LiMnSO4F with almost equal distribution of Na and Mn on the
two metal sites. Unlike other Mn and Fe based fluorosulfates (LiFeSO4F-LiMnSO4F and
NaFeSO4F-NaMnSO4F), NH4;FeSO4F and NHsMnSO4F are isostructural and both adopt
KTiOPOj, structure type. Attempts of ion exchange of NH4" with Na* or Li* in NH4sMSO,4F ions

did not succeed.
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Chapter 6

Summary and Future Outlook

Fluorosulfate based materials present an exciting opportunity to review and enrich our
understanding of the basic electrochemistry-structure correlations in a metastable framework.
The polymorphism displayed by LiFeSO4F is intriguing yet remarkably rewarding in terms of
the electrochemical diversity. The tavorite type LiFeSO4F provides very facile Li-ion diffusion
along multiple channels leading to a 3-D ionic conduction. This is a significant improvement
over the last generation of phosphate materials, namely the olivines, without much compromise
on specific energy density since the loss in capacity is almost completely compensated by an
increase in the voltage (3.45 V — 170 mAh/g in olivine vs. 3.6 V — 151 mAh/g in tavorite). The
change in the structure of tavorite type LiFeSO4F following a heat treatment or an extended
reaction time is accompanied by a significant change in the lithium intercalation voltage (3.6 V-
3.9 V) and Li" transport, which manifest in a Li-ion cell in the form of higher specific energy
density but inferior rate capability. Cationic disorder in the triplite type compound also leads to a
very well connected framework with relatively high density of atoms which minimizes the
volume change upon Li-deintercalation.

LiFeSO4F can only be synthesized by using szomolnokite type FeSO,4-H,0O as the precursor
due to its metastability and that limits the synthetic access to this material. However, as reported
in the current thesis, much studied solvothermal methods can be used to scale up the production
of highly electrochemically active powders. Microwave heating can be used to produce slightly

disordered tavorite type compound and surprisingly this can be converted to the triplite type
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polymorph by a quick heat treatment. This unique phase transition, which is not observed in the
tavorite type LiFeSO4F synthesized by other methods, provides the shortest and a very easy route
for obtaining the triplite type LiFeSO4F. In addition, microwave-assisted- method provides
highly divided triplite type LiFeSO4F, in contrast to the material obtained by conventional
solvothermal technique. The fraction of lithium that can be reversibly intercalated in the triplite
compounds is much higher for smaller size particles due to shortening of the lithium diffusion
path lengths. However, more detailed study of the Li-intercalation process, long term cycling
stability in a Li-ion cell and development of coating techniques to improve long term storage
stability is required to further establish the credentials of these materials as positive electrodes.
The layered and olivine type Na-ion battery positive electrode materials are highly promising
due to the abundant availability of the raw materials and their environmental friendliness. The
atomistic scale simulations indicate that Na-ion conduction in the olivine type NaMPO,
compounds occur along characteristic channel of the structure but with lower activation energy
barrier than Li-ion in the olivine type LiFePO,4. The activation energy barrier for Na-ion
diffusion is similar for the layered-Na,FePO4F but due to the distinct layered structural features,
Na-ion conduction occurs along the ac plane. As a result, the presence of antisite defects in the
layered-Na,FePO4F does not impact its electrochemical performance while in the olivine type
compounds, these defects can be a major cause for the sluggish kinetics and irreversible capacity
loss. In the tavorite type NaFeSO4F, Na-ion conduction is restricted along the 1-D channels with
twice activation energy barrier than that of the olivine type or layered materials. This renders the
material with almost negligible electrochemical activity. Another important contributing factor to
the electrochemical performance is volume change observed upon Na-de/-intercalation. In the

olivine and tavorite type materials this becomes the dominating factor since both of them
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undergo more than 10% volume change upon Na-de/-intercalation. In the layered Na,FePO4F, a
more interconnected framework and the fact that only one Na is electrochemically extracted
renders the framework much more robust which can sustain more cycling stability at higher
rates.

Next generation of high specific energy density electrode materials must be designed to meet
the growing needs for energy storage in the transport sector specifically. In order to allow
industrial production, such materials must be made of environmentally friendly and abundantly
available raw constituents. Since Li or Na and a transition metal are the basic constituents, an
ideal candidate should be made of combination of some or all of the following elements: Li, Na,
Fe, Mn, Ni, P, Si, S, and O. Some of the promising candidates built from this list are silicates and
phosphates. However, assuming one lithium intercalation per transition metal, capacity and
voltage are somewhat lower for the compounds from either of these groups. For silicate
compounds such as LioMSiO4 (M=Mn, Fe), theoretically, it should be possible to extract two
lithium per transition metal. Three parameters of primary importance here are the intercalation
voltage, Li-ion diffusion kinetics and the reversible capacity (gravimetric and volumetric). As
shown in the current work and by many other examples in the literature, all of these three are at
least partially dependent on the crystal structure of the compound. The commonly adopted
tetrahedra based structure (LisPO,4 type) for silicates becomes unstable after delithiation and
shows rapid capacity fade. Therefore, possibility of new structural polymorphs in silicates needs
to be thoroughly explored in order to find a better framework that can address the rapid capacity
fading in these materials. Low temperature synthesis methods including the solvothermal and the

microwave solvothermal provide a temperature and pressure region which is still relatively
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unexplored for inorganic synthesis of the functional materials and they should be vigorously

pursued in order to synthesize new compounds for energy storage.
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