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Abstract

Energy storage plays a pivotal role in enabling intermittent renewable energy sources,

electrified transportation, and portable electronics. The rapidly growing energy demand in

these sectors requires improvement to the commercial lithium-ion systems. All-solid-state

batteries are candidates for next-generation batteries because of their potential to be paired

with a lithium metal anode, which leads to significant energy density gains. Furthermore,

solid electrolytes can dramatically improve the safety and longevity of battery technologies

by replacing the flammable liquid organic electrolytes that are typically used. This thesis

broadly focuses on two types of solid electrolytes: thiophosphates and thioborates.

Chapters 3 and 4 focus on thiophosphate type solid electrolytes. In chapter 3, an

in-situ variable temperature neutron powder diffraction study on Li3PS4 was conducted to

elucidate the crystal frameworks and lithium substructures of its respective polymorphs

(
 ! � ! �). The lithium diffusion pathways of both the bulk � and � polymorphs are

evaluated using the maximum entropy method and bond valence site energy calculations,

revealing that the structure of �-Li3PS4 favors facile 3D conduction. Building on these

concepts, chapter 4 focuses on the experimental elucidation of lithium ion conductors in

the Li1+2xZn1-xPS4 solid solution. Using neutron and synchrotron X-ray powder diffraction,

their crystalline structures are resolved to show the nature of likely pathways for lithium

ion conduction and this is correlated with the improved ion conductivity upon increasing

the lithium concentration and inducing Li/Zn site disorder.

In chapter 5, new quaternary lithium oxythioborosilicate glasses (termed ‘LIBOSS’)

were synthesized that exhibit high ion conductivity up to 2�10�3 S�cm�1. Superionic

conductivity can be achieved despite relatively high oxygen:sulfur ratios of more than 1:2,

which also greatly reduces H2S evolution upon exposure to air. Stripping/plating onto

lithium metal results in very low polarization at a current density of 0.1 mA�cm�2 over

repeated cycling. Evaluation of the optimal glass composition as an electrolyte in an all-

solid-state battery shows it exhibits excellent cycling stability and maintains near theoretical
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capacity for over 130 cycles at room temperature with Coulombic efficiency close to 99.9%,

opening up new avenues of exploration for these quaternary compositions.

In chapter 6, a new class of lithium thioborate halides is reported. These materials

adopt a so-called supertetrahedral adamantanoid structure that houses mobile lithium

ions and halide anions within interconnected 3D structural channels. Investigation of the

Li7.5B10S18X1.5 (X = Cl, Br, and I) structures using single-crystal XRD, neutron powder

diffraction, and neutron PDF reveals significant lithium and halide anion disorder. These

new superadamantanoid materials exhibit high ionic conductivities up to 1.4�10�3 S�cm�1.

In chapter 7, a new fast-ion conducting lithium thioborate halide, Li6B7S13I is presented.

Li6B7S13I exhibits a perovskite topology and an argyrodite-like lithium substructure that

leads to superionic conduction with a theoretical Li-ion conductivity of 5.2�10�3 S�cm�1.

Combined single-crystal XRD, neutron powder diffraction, and AIMD simulations elucidate

the Li+ ion conduction pathways through three-dimensional intra and inter-cage connections,

and Li-ion site disorder, which are all essential for high lithium mobility.
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Chapter 1

Introduction

Batteries have changed the global energy landscape by allowing us to easily store, transport,

and use electricity on demand whenever and wherever we want. In our world today, energy

storage solutions have enabled the emergence of portable electronic devices, electric vehicles,

and renewable energy sources such as solar and wind. These energy storage systems could

not have been possible without the development of novel advanced materials and their

chemistries. While signi�cant progress has been made, a monumental global e�ort is taking

place to improve these technologies further. This is in part due to rapidly increasing energy

demands that stem from a variety of causes, such as the proliferation of electronic devices

to the growing electric vehicle industry. Electric vehicles are extremely important from

both an environmental and economical perspective as the automotive industry transitions

from gasoline powered vehicles to electric. On a broader scale, energy storage can improve

the reliability of intermittent renewable energy sources such as solar and wind to be used

as part of the grid-based supply system. Batteries can provide electricity during o�-peak

production times when energy cannot be generated. As energy demand increases and the

e�ects of climate change become more severe, the need for new and improved energy storage

systems becomes crucial.
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1.1 Lithium-Ion Batteries (LIBs)

LIBs were developed on the basis of intercalation reactions, where ions are able to move into

and reside in a solid host. Looking at the intercalation of lithium ions into metal disul�des,

Whittingham 1 developed the �rst rechargeable lithium battery in 1976 at then Exxon

Corporation, using a TiS2 cathode, a lithium metal anode, and an organic liquid electrolyte.

This exciting discovery spurred interest into many other intercalation materials. Although

this system was promising, the use of a sul�de based cathode limited the cell voltage to less

than 2.5 V, which in turn limits the energy density. Additionally, the use of a pure lithium-

metal anode leads to dendrite growth and ultimately short-circuiting that when paired with

an organic electrolyte presents a �re hazard. The low voltage problem was addressed by the

discovery of higher voltage (4 V) oxide based cathodes. Notably, the lithium layered oxide

LiCoO2, developed by Goodenoughet al.2 at the University of Oxford, was fundamental

in enabling the commercialization of LIBs. LiCoO2 exhibits good structural stability along

with high electrical and lithium-ion conductivity, which allows it to be quickly charged and

discharged. The cell architecture and assembly is also simpli�ed since a metallic lithium

anode is no longer required because Li+ is already contained within the structure of the

cathode material. Lithium-free anodes can then be paired with LiCoO2. Yoshino et al.

in 1987 at the Asahi Kasei Corporation in Japan did exactly that by studying LiCoO2

paired with various carbon based anodes.3 While there were many notable milestones on

each aspect of the battery, these three discoveries are the foundation for the modern LIB.

Sony Corporation in 1991 commercialized the LIB with a LiCoO2 cathode and graphite

anode. Prof. Stanley Whittingham, Dr. Akira Yoshino, and Prof. John B. Goodenough

were awarded the 2019 Nobel Prize in Chemistry for the development of the lithium-ion

battery.

In general, a battery is composed of a positive electrode (e.g. LiCoO2), a negative

electrode (e.g graphite) and an organic electrolyte with a Li salt (e.g. LiPF6 in ethylene

carbonate or dimethyl carbonate). An insulating and electrolyte permeable separator is
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used to avoid physical contact between the two electrodes. A schematic of a typical LIB

during charge and discharge is shown inFigure 1.1 .

Figure 1.1: Schematic illustration of a typical lithium-ion battery during charge and
discharge consisting of a layered LiCoO2 positive electrode and a graphite negative electrode.

Starting from the fully discharged state, a battery must be charged by an external

power source, which applies a voltage that forces electrons to move from the positive to

the negative electrode through the external circuit. This loss of electrons results in the

oxidation of the positive electrode (e.g. Co3+ to Co4+ in Li 1-xCoO2) during charge while Li+

deintercalates from the structure to compensate the charge. The Li-ions migrate through

the electrolyte and intercalate into the porous negative electrode (i.e. graphite layers). This

process is driven until a certain potential or time is reached where the structure of the

electrode is stable and no adverse e�ects take place in the cell. Once the cell reaches that

potential it is considered charged and the energy is stored. The equations for charge in each

electrode are given by:

Positive Electrode: LiCoO2 ! Li1� xCoO2 + xLi+ + xe� (1.1)

Negative Electrode: C6 + xLi+ + xe� ! Li xC6 (1.2)
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The reverse process takes place spontaneously due to the higher chemical potential of the

positive electrode than the negative, which allows the battery to be used as an energy

source. During the discharge process, lithium ions move from the negative to the positive

electrode through the electrolyte. In the LiCoO2 positive electrode, the transition metal is

reduced from Co4+ to Co3+ . The equations for discharge are given by:

Positive Electrode: Li1� xCoO2 + xLi+ + xe� ! LiCoO2 (1.3)

Negative Electrode: LixC6 ! C6 + xLi+ + xe� (1.4)

Although LiCoO2 has been a good positive electrode material for LIBs it has some

limitations with respect to energy density. Only half the lithium can be removed from the

structure without compromising structural stability, providing a practical speci�c capacity

of 140 mAh/g (theoretical capacity is 274 mAh/g). Charging further to higher voltage

results in removal of lattice oxygen, which collapses the structure and ultimately leads to

capacity fading and safety concerns. Furthermore, the high price and toxicity of cobalt Has

prompted both academia and industry to consider alternative cathode materials.

This has lead to substitution of Co for other transition metals and has given rise to

the \NCM" or \NCA" series of materials, which is quickly becoming the electric vehicle

industry standard for cathode materials. These layered lithium Ni-Co-Mn oxide (NCM) and

lithium Ni-Co-Al oxide (NCA) are widely used in commercial cells due to their high speci�c

capacities (> 150 mAh/g), good cycle stability, and enhanced thermal stability.4 Furthermore,

the ratios between the transition metals can be tuned, where Ni-rich compositions are

favoured due to the reduction in Co content and increase in capacity, which in turn increases

the energy density of the battery.5
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1.2 All-Solid-State Batteries (ASSBs)

1.2.1 Motivation for ASSBs

It has become apparent that energy demand is out-pacing the theoretical limits of the LIB.

As manufactures attempt to squeeze more energy density out of the battery by pushing its

limits we have seen severe safety hazards such as battery �res and explosions become more

common. The Li-ion battery is limited by its Li+ intercalation chemistry and is approaching

the theoretical energy density limits, assuming a graphitic anode and transition metal oxide

cathode. In the case of electric vehicles, the energy density needs to be increased from the

current 260 W�h/kg to the targeted 500 to 700 W�h/kg to achieve long driving ranges of

more than 500 km.6 There are two main ways of increasing the theoretical energy density;

change the positive electrode or change the negative electrode material. A lot of work has

focused on developing higher capacity and high voltage cathodes to improve the energy

density or by developing batteries based on conversion chemistries such as Li-S and Li-O2.7

Irrespective of the cathode chemistry, the greatest theoretical increase in energy density

always comes from changing the anode to pure lithium metal (Figure 1.2 ).8 Achieving a

commercially viable battery using a lithium metal anode is considered the \holy grail" of

batteries. It's important to note, for a lithium metal battery to truly provide high practical

energy densities, the Li foil needs to be extremely thin (a few microns). Alternatively, an

\anodeless" con�guration is the best case, where the Li anode is formed upon charging the

assembled battery.

Lithium metal is one of the best choices as a negative electrode material for a battery

because of its light weight (6.941 g/mol) and low redox potential (-3.04 V vs. standard

hydrogen electrode (SHE)). Using a lithium metal anode could nearly double the energy

density to 500 W�h/kg. 9 Unfortunately, a lithium metal anode comes with safety concerns

due to the unstable chemistry at the Li metal-electrolyte interface. Fire hazards are a

concern due to lithium's tendency to form dendrites in liquid organic electrolytes, which
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Figure 1.2: (a) Gravimetric energy density for selected cathode materials (at di�erent
loadings) in full cell con�guration with metallic lithium (red lines), graphite (blue lines)
and silicon (black lines) as anode. Green bands: targets at cell's level. (b) Corresponding
volumetric energy density. Calculations based on the theoretical energy density values of the
corresponding electrodes, using the materials stoichiometry and molecular weight, consid-
ering full range of Li. Reproduced with permission from The Royal Society of Chemistry.8

on its own are 
ammable and toxic liquids. These dendrites grow upon cycling and short-

circuits the cell, which ultimately cause thermal runaway and explosions. Furthermore, the

unstable interface chemistry results in the formation of a solid electrolyte interphase (SEI)

which increases the interfacial resistance, lowers the Coulombic e�ciency, and depletes the

electrolyte. This results in rapidly deteriorating performance accompanied by the extreme

safety concerns of �re and explosion hazards due to the highly 
ammable organic electrolyte

component.

The most promising strategy to combat this problem is the use of inorganic solid

electrolytes to enable ASSBs. A solid electrolyte may be a viable alternative to prevent the

incompatibility between the lithium anode and liquid electrolyte. Flammability issues would

no longer be of concern in Li-ion systems as inorganic solids replace the 
ammable organic

liquids and a lithium anode can be used to achieve a high-energy density as dendrites are

inhibited by the mechanical strength of the solid. In addition to improved safety, there are
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several other advantages of ASSBs. LIBs have a limited operating temperature range, where

at low temperature the ionic conductivity of the liquid electrolyte is reduced such that

performance declines signi�cantly, and at elevated tempeatures (� 60°C) the reactivity of

liquid electrolytes accelerates decomposition and deterioration of cell performance.10 Solid

electrolytes, on the other hand, can operate over a wider temperature range from -30 to

100°C.

1.2.2 Overview of ASSBs

Solid-state batteries and solid ion conductors have a long history that dates back to even

before the development of liquid-based LIB. In the 1960s, the discovery of the sodium

beta-alumina solid electrolyte led to the development of a commercial high-temperature

Na-S battery by the Ford Motor Company, although they used molten cathodes, precluding

a true all-solid-state approach.11 In the 1970s, fully all-solid-state cells were reported with

a Li metal anode and TiS2 cathode using solid electrolytes of lithium nitride,12 lithium

phosphates,13 and poly(ethylene oxide) (PEO) polymers.14 The discovery of lithium phos-

phorus oxynitride (LiPON) in the 1980s prompted the development of thin-�lm solid-state

batteries.15 While a tremendous amount of research on ion conductors and solid-state bat-

teries has been conducted, unsatisfactory performance of ASSBs and commercialization of

the LIB drove the focus away from solid-state batteries, leaving a nearly 20 year gap before

the resurgence of interest that has occurred in the last decade.16

All-solid-state batteries follow the same working principles as a typical rechargeable

battery and consist of a solid anode (negative electrode), cathode (positive electrode) and

electrolyte. The battery can use an intercalation or conversion type positive electrode, a

lithium negative electrode and a solid electrolyte that acts as a separator to block electrical

contact but allows the 
ow of lithium ions. A schematic of a typical solid-state battery is

shown in Figure 1.3 .

A key di�erence between a traditional battery and a solid-state battery is the cathode

preparation { the cathode composite requires solid electrolyte material mixed in to achieve
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Figure 1.3: Schematic illustration of an all-solid-state battery and the di�erent interfaces
within the cell. Reproduced with permission from Elsevier.17

su�cient ionic conductivity (i.e. an ionic conduit is required). The cathodes for solid-state

cells are typically a composite that contains active material (e.g. LiCoO2 for lithium ion

batteries), an ionic conductor (solid electrolyte) and sometimes an electronic conductor

(typically a carbon additive to provide electronic percolation). Most solid-state batteries in

laboratory-scale settings report using an anode composed of a double layer foil of lithium

and indium. This ensures that the highly reactive nature of lithium will play less of a role in

degrading the solid electrolyte material since no stable electrolyte currently exists, although

the goal is to eventually pair a pure lithium metal anode with a compatible solid electrolyte

material.

1.2.3 Challenges of ASSBs

While solid-state batteries bring about improved energy density and safety, there are still

many challenges to overcome owing to the higher resistances compared to that of liquid

cells at ambient temperature and due to the typically lower ionic conductivities of solid

electrolytes. Although solid-state cells can have longer lifetimes as they are not as sensitive

to shocks, leaks, and extreme temperatures, they experience additional stresses at each

solid-solid interface, which negatively a�ects performance and cell life.
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The biggest challenges solid-state batteries face are the high interfacial resistances.

There are a signi�cant amount of interfaces to consider, and each have their own e�ects.

A visual illustration that provides an overview of all the types of interfaces are shown in

Figure 1.4 .

Figure 1.4: Schematic illustration of interfacial phenomena that can arise in ASSBs.
Reprinted with permission from American Chemical Society.18

The two interfaces that are of the most concern are the Li-metal/solid electrolyte

and solid electrolyte/cathode interface. At the positive electrode, there are three main

considerations:

1. Chemical Stability: The interface between the solid electrolyte material and cathode
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active material should ideally remain unchanged during fabrication and storage over

the operating temperature range. A cathode electrolyte interphase (CEI) between

the two components will likely form because of the chemical potential di�erence

between the two materials, leading to a spontaneous reaction. This can lead to a

highly insulating layer or can undergo continuous decomposition that leads to cell

failure.

2. Electrochemical Stability: During the charge/discharge process the materials will be

subjected to a wide potential window. The electrolytes can be oxidized at high voltage

and reduced at low voltages if they are in contact with an electronic conductor in the

composite, which can lead to the formation of passivating and inactive interphases.

3. Mechanical Stability: The active material and solid electrolyte may face external or

internal stresses, which can lead to contact loss (void formation), particle cracking

or pulverization. This may stem from volume change of the cathode material upon

cycling, which would mechanically deform the electrode/electrolyte interface.

At a lithium metal negative electrode, we not only have to consider the interface, but

also how the solid electrolyte separator layer is processed (i.e. defects in the separator). In

general, there are two main considerations at the negative electrode:

1. Thermodynamic and Kinetic Stability: Li metal will reduce almost anything it comes

in contact with and the reaction products that form an interface layer may not be

ionically conductive. These thermodynamic considerations alone are not su�cient to

understand the interface. The thickness of the interphase formed will increase the cell

resistance, so kinetic considerations are important. Since thermodynamic stability of

a solid electrolyte with lithium metal is unlikely, the solid electrolyte interphase (SEI)

formed between the two components must be kinetically stable.

2. Mechanical Stability: The solid electrolyte separator must be processed in such a

way that it is free from interparticle voids or defects. The presence of voids and
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defects would not only hinder Li-ion di�usion but can induce dendritic growth of

Li metal through the separator. Defects on the separator surface may also lead to

nonuniform lithium plating, which prevents high-rate capability and increases dendrite

penetration.

1.2.4 Current Approaches Towards ASSBs

To combat some of these interface issues, researchers have used hybrid solid/liquid elec-

trolytes. Speci�cally in the cathode where it is necessary to obtain su�cient contact between

the cathode and solid electrolyte particles, a small amount of liquid or gel electrolyte is

used to reduce the interface resistance and improve mechanical contact.19 This is sometimes

referred to as a \quasi" solid-state battery.

An alternative method is to use thin coating layers to extend the stability window of the

materials or to apply a multiple solid electrolyte approach to mitigate the various interface

issues. A ductile and high-voltage stable solid electrolyte could be used in the composite

positive electrode to prevent any detrimental interface reactions. Then, the separator solid

electrolyte can be a material of any choice, ideally one that is easily processable and is a

very fast lithium-ion conductor to reduce the Ohmic drop across the cell. Finally, a thin

secondary separating solid electrolyte layer that is kinetically stable with Li metal can be

used as an arti�cial interphase to protect any detrimental side reactions at the negative

electrode. The challenge is these layers would also need to be compatible with each other.

1.3 Solid Electrolytes

An ideal electrolyte is an electronic insulator to prevent self-discharge, a fast ion conductor

to quickly transport Li + between the electrodes, and electrochemically stable in the oper-

ating voltage range of the battery. Inorganic solid electrolytes are typically good electronic

insulators due to the predominant ionic bonding present in these materials. However, de-

spite the potential of ASSBs, a solid electrolyte material that achieves a high lithium ion
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conductivity coupled with good chemical and electrochemical stability has not yet been

found.

Solid electrolytes can generally be classi�ed as polymeric or inorganic. While each

type has their unique advantages and disadvantages, the focus here will be on inorganic

solid electrolytes, due to their typically higher ionic conductivity at room temperature.

The inorganic solid electrolytes can be further divided by their structures or chemical

compositions. The inorganic materials can be broadly categorized as a halide, nitride, oxide,

or sul�de depending on the anion family. Finally, the materials can be crystalline or glassy

(amorphous) where most commonly they are crystalline in nature. The two most studied

classes of solid electrolytes are sul�des and oxides.

1.3.1 Crystalline Electrolytes

From the oxide electrolytes, crystalline phosphates with a NASICON (NAtrium Super

Ionic CONductor) structure exhibit good ionic conductivity approaching 10-3 S�cm� 1 (e.g.

Li1+x Al xTi 2-x(PO4)3 - LATP). 20 Perovskite type oxide electrolytes such as Li0.5-3xLa0.5+x TiO 3

(LLTO) exhibit very high bulk ionic conductivity (10 -3 S�cm� 1), but are limited by a much

lower total ionic conductivity due to large grain boundary resistances that decreases the

overall conductivity by up to two orders of magnitude.21 Unfortunately, these electrolytes

have very poor stability against lithium metal anodes due to Ti4+ being easily reduced.

Garnet type oxide electrolytes such as Li7La3Zr2O12 (LLZO) has garnered a lot of atten-

tion because of its high ionic conductivity (3x10-4 S�cm� 1) and excellent chemical stability

against lithium.22 The garnet electrolytes typically require a mechanical or chemical surface

processing step due to build up of an insulating Li2CO3 layer that forms upon moisture

exposure and increases the interfacial resistance.23 Oxides in general also require high pro-

cessing temperatures to form a densi�ed pellet, which is also required to minimize the grain

boundary resistances and achieve good ion conductivity. This makes the processing of these

materials into a battery challenging.

Sul�de electrolytes in comparison are extremely ductile, allowing for simple cold-pressing
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at room temperature. Some thio-LISICON (thio-Li Super Ionic Conductor) structures

exhibit very high ionic conductivities that exceed 10-3 S�cm� 1. For reference, liquid elec-

trolytes typically have an ionic conductivity of 10-2 S�cm� 1. Some examples are Li10GeP2S12

(LGPS)24 and the metastable phase Li7P3S11,25 which both exhibit an ionic conductivity up

to 10-2 S�cm� 1. The compound Li9.54Si1.74P1.44S11.7Cl0.3, which has the same structure as

LGPS, is the fastest lithium ion conductor at room temperature with a total ionic conduc-

tivity of 2.5 Ö10-2 S�cm� 1.26 The argyrodite family (e.g. Li6PS5X where X = Cl, Br, I) are

equally fast ion conductors with conductivity up to 10-3 to 10-2 S�cm� 1.27,28 The downside

of sul�des are the poor chemical stability with moisture in the atmosphere, which forms

H2S, requiring them to be handled in an inert atmosphere or dry room. These sul�des also

su�er from poor electrochemical stability, especially at high voltage due to the oxidation of

the S-2 anion at around 2.4 V vs Li/Li+ .29 An overview of the various crystalline lithium

(and sodium) ion conductors are shown inFigure 1.5 . It's apparent that the fastest ion

conductors are overwhelmingly thiophosphate-based (P-S) electrolytes.

Figure 1.5: Overview of ionic conductivities for various classes of solid electrolytes. Certain
compositions are highlighted, whereas grey lines indicate all found transport properties
within the list of references. Reproduced with permission from IOP Publishing.30
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1.3.2 Glass Electrolytes

In general, glasses have unique properties because of their lack of long-range order. Glasses

do not exhibit a periodic arrangement of atoms and are thus amorphous. This leads to

isotropic conduction that doesn't su�er from grain boundaries, which typically impede

charge transport. Additionally, no grain boundaries means monolithic �lms of the glass

material can be easily processed. However, despite the lack of grain boundaries, most glasses

have poor ionic conductivity, especially in oxide-based systems. Furthermore, studying the

structure of amorphous materials is incredibly challenging due to the lack of periodicity.

There are a limited number of techniques that can characterize the local structure and thus

the structure of glasses and its e�ect on ion transport is not well understood in comparison

to its crystalline counterparts.

Some examples of glass electrolytes are lithium ortho-oxosalts that exhibit conductivities

of 10-6 S�cm� 1.31 The most well-known amorphous electrolyte might be LiPON (Lithium

Phosphorous Oxynitride), which has the same order of magnitude in ionic conductivity and

therefore is limited for use only in thin-�lm type batteries.32 Sul�de glasses with mixtures

such as Li2S-GeS2, Li2S-P2S5, Li2S-B2S3, and Li2S-SiS2 exhibit ionic conductivities of over

10-4 S�cm� 1.33 Many studies also incorporate lithium halide salts into the sul�de glasses to

further increase the ionic conductivity.

Glasses may also be able to address the mechanical criterion when pairing an electrolyte

with lithium metal. Because thin, dense, and defect free �lms can be processed, dendrite

formation and penetration through the separator might be mitigated by mechanical means.

While dendrite growth has been observed in grain boundaries of polycrystalline materials

such as LLZO, studies on defect-free regions of amorphous thiophosphate pellets have

shown lithium deposition without any dendrite formation for current densities up to 5

mA�cm-2.34 A defect free amorphous �lm that does not contain grain boundaries and

has minimal or carefully controlled surface defects may be a suitable method to mitigate

dendrite penetration.
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1.4 Design Considerations for Solid Electrolytes

1.4.1 E�ect of Synthesis

The synthesis method has been shown to in
uence the structure of the material and thus

the ion transport within it. Most solid electrolyte materials are synthesized by a solid-state

route, mechanical alloying (ball milling), or solution synthesis. Ball milling has been shown

to impact the local and average structure in thiophosphate materials such as Na3PS4.35,36

Generally speaking, solid-state or ball-milled synthesized samples tend to be higher in

ion conductivity than solution synthesized materials (Figure 1.6 ). The e�ect of solution

Figure 1.6: Overview of ionic conductivities for thiophosphate solid electrolytes obtained
by various synthesis methods. Reproduced with permission from The Royal Society of
Chemistry.37

synthesis is still unclear, however, it is suspected that solvent may be incorporated into the

structure. Depending on the synthesis method, the ionic conductivity can vary by several

orders of magnitude , which indicates that even subtle structural di�erences have a strong

in
uence on conductivity, underlining the importance of studying the structure to better

understand its e�ect on ion transport.30,37

15



1.4.2 In
uence of Lattice Dynamics

It is typically assumed that a softer (i.e. more polarizable) anion sublattice leads to in-

creased alkali ion mobility due to the weaker coulombic interactions between the cation

and anion. Experimental studies on the \softness" of the lattice con�rmed this by studying

the material's Debye frequency38 or phonon band center39 (i.e. the average vibrational

frequency) and correlating it to the ion conductivity. It was found that for many cases,

a softer lattice does lower the activation energy barrier for transport but simultaneously

decreases the prefactor for ionic motion.

This can be understood from the equation of the prefactor (1.5) and conductivity (1.6):

� o =
zn(Ze)2

kB T
exp

�
� Sm

kB

�
a2

o� o (1.5)

wherez is the geometric factor for the structure (dimensionality of conduction pathways),

n is the density of mobile charge carriers,Ze is the charge of the ions,kB is the Boltzmann

constant, T is the tempeature, � Sm is the entropy of migration, ao is the jump distance,

and � o is the jump frequency.

� ion = � o � exp
�

�
� Hm

kB T

�
(1.6)

where � Hm is the enthalpy of migration and often generalized as the activation energyEa.

When the lattice softness increases, it results in weaker interatomic forces, which results

in larger atomic displacements of the mobile atoms and decreases the activation energy

barrier for migration. This also decreases the prefactor because the increased displacement

and softer lattice simultaneously lowers the jump frequency and the entropy of migration.

The entropy of migration is a�ected by the changing vibrations of the sublattice. The

decreasing prefactor that accompanies the decrease in activation energy is known as the

Meyer-Neldel rule.40 While the slope of this relationship may be related to the average

phonon energies,41 the exact origin of this relationship and the in
uence of the entropy of

migration is not well understood.
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1.4.3 Concerted Migration and Frustrated Energy Landscapes

The energy landscape of the structure ultimately dictates the ion mobility. Ideally, the

structure should lead to a 
atter landscape with a lower activation barrier for ionic mo-

tion. However, the origin for some of these observed 
atter energy landscapes is not well

understood. Theoretical work has suggested that self-correlation between mobile ions cause

concerted migration of multiple ions with low energy barriers instead of the classical isolated

ion hopping in solids.42 Unfortunately, this has not yet been experimentally proven.

Alternatively, a 
attened energy landscape can be described by the frustrated energy

landscape concept. A frustrated energy landscape can occur by structural, chemical, and

dynamic frustration (i.e. anion vibrational/rotational dynamics). Structural frustration is

described by the disorder of the mobile ion over many available crystallographic sites (i.e.

no lattice site preference). Chemical frustration arises from local vs average structural dis-

tortions in a material, which modi�es the shape of the energy landscape at the saddle points

and introduces anharmonicity into the energy wells. Dynamic frustration can also intro-

duce distortions in the local energy landscape that stems from anion vibrational/rotational

dynamics. The three di�erent types are schematically shown inFigure 1.7A-C .

1.4.4 Inductive E�ects

Recently, it was shown that chemical bonding interactions can be modulated to promote

Li-ion di�usion. 43 The solid solution Li10Ge1-xSnxP2S12 was studied. Replacing GeS4 anions

with larger SnS4 should widen the di�usion channels and lower the activation barrier.

However, due to the inductive e�ect, the expected trend with respect to volume does not

occur. The electronegativity of the central cation (M) changes the M-S bonding interactions.

By putting more of the less electronegative element Sn, the Sn-S bonding is weaker (more

polar) than the Ge-S bond, and the charge density on the Sn bonded S2- increases. This

charge redistribution strengthens the bonding of nearby Li+ ions to the S2- anion framework

(Figure 1.7D), which increases the activation energy barrier and lowers ion conductivity.
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Figure 1.7: Possible frustrations that lead to 
attened energy landscapes: (a) structural
frustration, (b) chemical frustration, (c) dynamic frustration. (D) Schematic of inductive
e�ects in
uencing ionic transport. Reproduced with permission from IOP Publishing.30

1.5 Thesis Objectives and Overview

It is abundantly clear that the development of new solid electrolytes will ultimately shape

whether the ASSB becomes a commercial success; starting from the inherent properties of

the material itself, to processing/preparation of the separating electrolyte layer, how it is

mixed into the cathode, and what interphases form on each electrode. Thus, the question

arises - is there one solid electrolyte to rule them all? Most likely, the best solution will

involve multiple di�erent electrolytes. No matter what approach is taken towards achieving

ASSBs, more fast-ion conducting solid electrolytes must be developed that can tackle each

or multiple of these issues at once. In order to discover new superionic conductors, a better

understanding of the materials structures and the fundamental properties that govern ion

conduction is also required.

Building a fundamental atomic scale understanding of these materials and what drives

superionic conduction in them can assist in optimizing known materials or may serve as

a guideline for discovering new ones. Moreover, since properties such as electrochemical
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stability and mechanical stability are inherent to the materials structure, this knowledge

can help develop new electrolytes to tackle some of the aforementioned interface problems.

This thesis focuses on two general goals of 1) the design and synthesis of new lithium

ion conductors and 2) a deep understanding of the atomic structure and the properties that

govern fast ionic di�usion in solid electrolyte materials. Both experimental and computa-

tional methods are utilized to explore the bulk electrolyte properties such as ion transport.

Experimental techniques such as X-ray and neutron di�raction are invaluable to better

understand the inherent structure and how it a�ects transport and stability. Density func-

tional theory (DFT) calculations and ab-initio molecular dynamics (AIMD) simulations

can also provide a microscopic viewpoint on thermodynamic stability, favorable kinetics,

and atomic interactions at an interface.

Chapter 2 The background and theory for the experimental synthesis and characteriza-

tion techniques that are employed for the studies in this thesis are described

in detail.

Chapter 3 An in-situ neutron powder di�raction study is presented on Li3PS4, the

archetype of the thiophosphate family of solid electrolytes. The phase transi-

tions, the structure of the three polymorphs, and their corresponding lithium

substructures are elucidated in detail.

Chapter 4 A new thiophosphate lithium-ion conductor, Li1+2x Zn1-xPS4 was synthesized

for the �rst time following computational predictions of exceptionally high

lithium-ion conductivity. The e�ect of lithium interstitials and Li/Zn site

disorder on ion conduction in this material was studied.

Chapter 5 Amorphous ion conductors are relatively unexplored in comparison to crys-

talline materials. Quaternary glass systems of Li2S-B2S3-SiO2-LiI were ex-

plored and new lithium oxythioborosilicate superionic glasses are presented.

These glasses have the highest oxygen:sulfur ratios and the fastest lithium ion
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conductivity of any known oxysul�de glass. Simultaneously, the higher oxygen

content improves the moisture stability.

Chapter 6 A di�erent class of solid electrolytes are explored that have intriguing proper-

ties similar to thiophosphates. New fast-ion conducting crystalline thioborate

halides, Li7:5B10S18X1:5 (X = Cl, Br, I), were discovered that exhibit a super-

adamantanoid framework with massive channels of \glassy" or disordered Li

cation and halide anions.

Chapter 7 The �rst thioboracite material was discovered by a quasi solid-state conver-

sion process of a superadamantanoid phase. Li6B7S13I exhibits a perovskite

topology and argyrodite-like lithium substructure that leads to high ionic

conductivity. The fast lithium transport through the material is studied by

combining computational and experimental techniques. The importance of

controlling the grain boundary resistance is also highlighted.

Chapter 8 A summary of the advances made through the studies presented in this thesis

and an outlook on future directions in the �eld of solid electrolytes and solid-

state batteries.
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Chapter 2

Characterization Methods and

Techniques

2.1 Synthesis Techniques

2.1.1 Solid-state Synthesis

For preparation of solid electrolytes, exact stoichiometric quantities and pure starting

materials need to be used. Solid-state reactions can be performed by 
ame, furnace, heated

�lament, ball mill, or microwave. In a typical solid-state reaction, an alkali or alkaline-

earth metal compound with the desired anion is reacted with a metal halide, oxide, or

sul�de. While there are many di�erent types of solid-state synthesis routes, they will not

be described here, as the synthesis of the materials described in this thesis primarily use

the conventional method.

A conventional solid-state synthesis is one of the most widely used methods and is simply

composed of mixing powders together and heating in a furnace for prolonged periods of

time. Although the reactants are mixed well on a particle scale, the reaction itself is slow

because the reactants are inhomogeneous on an atomic scale. High temperature heating,
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long heating times, and repeated grinding and heating steps may be required to achieve

complete reaction.

In general, a typical synthesis has several steps with the following considerations:

1. Select and weigh out starting materials in accurate stoichiometries

ˆ Starting materials with high purity and su�cient reactivity must be chosen.

ˆ For air and moisture sensitive reagents, purity becomes an important factor, and

are stored and handled in a glovebox �lled with inert gas to mitigate this issue.

2. Mix and pelletize

ˆ Precursors are ground in an agate mortar and pestle to achieve su�cient mixing.

Sometimes liquid or gas phase transport may be used to bring atoms of di�erent

elements together to achieve mixing on the atomic scale.

ˆ The mixed reactants are pelletized to achieve close particle to particle contact,

which can facilitate the reaction.

3. Heat

ˆ For annealing, factors such as heating rate, heating time, atmosphere, and crucible

container all need to be considered.

ˆ The mixture cannot be heated under air if atmospheric sensitivity of the desired

product is of concern. An inert atmosphere such as argon must be used, or the

sample must be sealed under vacuum.

ˆ A container that does not react with the sample must be selected. Quartz tubes,

alumina crucibles, or graphite/glassy carbon crucibles are commonly used.

ˆ The heating temperature is selected to avoid any volatilization of one or more of

the reactants, while still being high enough to allow for reactions on a suitable

timescale (several hours or days).
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4. Grind and analyze products

ˆ Samples are typically analyzed by X-ray di�raction to con�rm if the reaction is

completed and no remaining unreacted precursors are present.

5. Repeat steps 2-4 if reaction is incomplete

2.1.2 Quenching

Thermodynamically stable solid solutions tend to exhibit a change in their solubility limits

with a change in temperature, and thus cooling rate can be important to stabilize the

solid solution at room temperature without any precipitation of secondary phases. High-

temperature crystal phases can sometimes be metastable, making it di�cult to synthesize

by simple heating and cooling. In order to synthesize such materials at room temperature,

they must be stabilized by rapid cooling, otherwise precipitation of secondary phases may

occur. Most commonly this is done by quenching.

Glasses (i.e. amorphous materials), by de�nition, are always metastable. Melt quenching

is the most common technique of glass making. Precursors are mixed together, heated up

to high temperature (typically � 700� ) to form a melt, and then quenched (rapidly cooled)

using an ice bath, liquid nitrogen, or a cooled plate. The quenched materials are sometimes

annealed to remove internal stresses from the glass.

2.1.3 Mechanochemical Synthesis (Ball Milling)

Mechanical mixing techniques such as ball milling is extremely useful to intimately mix

reactants on a level that cannot be achieved by simply grinding reactants in a mortar. A

mixture of reactants is placed inside a rotating vessel with a number of balls. The balls

and vessels can be made of a hard material such as agate, zirconia, or silicon nitride. The

container is then spun for some period of time, typically in the range of hours or in some

cases days. The constant impact between the balls and powder reduce the average particle

size of the reactants while simultaneously producing an intimate mixture. Sometimes milling
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is facilitated by the use of a liquid media, which is removed at the end of the milling process.

Many factors such as speed, milling time, and size of the balls and jars need to be considered

and have a major impact on the mixing of the reactants.

High-energy milling is achieved in planetary ball mills, which operate at very high speeds.

Rather than using high-temperature, reactions can be carried out by aggressively grinding

together reagents. It is still unclear exactly how solids react upon mechanochemical synthesis.

In general, precursors are reduced to nanometer size particles with mechanically induced

crystal defects. Despite no heating being applied, local heating with high temperatures

occurs as the mechanical energy from ball to particle impact is transferred to heat. This

local heating and reduced particle size speeds up inter-particle di�usion rates and formation

of products. This is especially useful for targetting metastable materials that contain some

compositional inhomogeniety, structural disorder, and high vacancy concentration.44 Given

the possible structural di�erences from mechanochemical synthesis, it is likely that properties

may also di�er.

2.2 Materials Characterization

2.2.1 Powder X-Ray Di�raction (XRD)

Powder XRD is a common technique to analyze crystal structures and is widely used

for phase identi�cation of crystalline materials. In 1912, Max von Laue discovered X-ray

radiation can be di�racted by crystals as their wavelength is on the same order of magnitude

as the interatomic spacing of crystal structures. When an incident beam of monochromatic

X-rays interacts with the target material, the atoms from within the sample scatter X-rays.

For materials with a crystalline structure, these scattered X-rays undergo constructive and

destructive interference in what is called di�raction. Bragg's Law in Equation 2.1 describes

the di�raction of X-rays:

n� = 2dsin� (2.1)
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This law relates the incoming parallel X-ray beams of wavelength� to the di�raction angle

formed � and the lattice spacing of the crystalline sampled; the integer n refers to the

order of di�raction and is typically unity. When Bragg's law is satis�ed, the X-ray beams

scattered from successive planes in the crystal (Figure 2.1 ) travel distances that di�er by

exactly one wavelength (forn = 1). These scattered X-rays interact constructively to form

the di�racted beam.

Figure 2.1: Schematic illustration of Bragg's Law.45

The di�racted X-rays are then detected, processed, and counted by a detector. By scan-

ning through a range of 2� angles we can account for all possible di�raction directions due

to the random orientation of the powder material. The directions of the various di�racted

waves depend on the size and shape of the unit cell of the material. The intensities depend

on the type of atoms and their arrangement in the crystal structure.

Because X-rays are scattered by the electron clouds around the atomic nucleus, the

intensity of the di�racted beam correlates to the number and position of electrons (i.e. the

speci�c atoms). The structure factor can be used to calculate the intensity and is given by:

Fhkl =
X

n

f n exp[2�i (hx + ky + lz)] (2.2)

where (hkl) are the Miller indices of the plane, (x, y, z) are the coordinates of the atom,f
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is the atomic scattering factor that depends on the type of atom and scattering angle, and

is sum over all atoms (n) in the cell.

The intensity of a speci�c re
ection is then determined by the square of its structure

factor. In practice, there are several specimen (particle shape, size, etc.) and instrumental

factors that have an in
uence on the intensity. For simplicity, they are denoted asA here:

I hkl = AF 2
hkl (2.3)

The most common method of measurement is using a 
at-plate di�ractometer, which makes

use of re
ection geometry (also referred to as Bragg-Brentano geometry). The X-ray source

can be �xed and the sample and detector is rotated by� and 2� , respectively. Alternatively

the sample is �xed and the source and detector move by -� and � , respectively. While 
at

sample holders are very easy to prepare, they may lead to preferential orientation e�ects,

depending on the crystal shape. In general, it is not necessary to rotate powder samples

because tiny crystals are randomly distributed and oriented through the powder. However,

for certain crystals shapes (e.g. plate or rod shaped crystals), preferential orientation may

occur where all the crystals are oriented in the same direction when packed, thus skewing

the di�racted pattern intensities.

Alternatively, transmission geometry can be used, which is also known as Debye-Scherrer

geometry. Samples are loaded into a capillary rather than packed in a 
at stage, and the

source and detector move by -� and � , respectively. This has the advantage of being able

to run air-sensitive materials, since capillaries can be easily sealed under inert atmosphere

to prevent exposure to the air. Furthermore the capillary is aligned and spun, removing

any preferential orientation e�ects typically seen with a 
at-plate di�ractometer. The

disadvantage is sample preparation is more time consuming, and di�racted intensities are

generally weaker in transmission geometry, making data collection times longer.
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2.2.2 Neutron Powder Di�raction (NPD)

Neutrons are di�racted by crystals in a similar manner as X-rays, and can also be equipped

for single-crystal or powder di�raction. However, neutron powder di�raction (NPD) can

give additional information regarding magnetic structure and greater contrast between

some elements in the periodic table.

The scattering properties of an atom is determined by the interaction of the neutron spin

(spin one-half) with the spin state of the nucleus of the atom. The spin-spin interaction can

lead to coherent scattering or incoherent scattering. Coherent scattering is used in powder

di�raction, leading to patterns similar to X-rays, which can be used for structure re�nement

using the Rietveld method. Incoherent scattering can be used for other types of analysis,

but simply adds to the background noise for the purpose of neutron powder di�raction.

Alternatively, neutrons can be absorbed by the nucleus of an atom. It's also possible for the

spin of the neutron to interact with the spin of any unpaired electrons of an atom, which

leads to magnetic scattering.

For neutron di�raction, the structure factor is given using the exact same equation

as that for X-rays (Equation 2.2), except that the X-ray scattering factor,f , is replaced

with the neutron scattering length, b. These two di�er quite signi�cantly because X-ray

di�raction is due to the scattering by electrons of an atom, while neutron di�raction is due

to scattering from the nucleus of an atom. While the X-ray scattering factor has a form

factor that decreases with scattering angle, the neutron scattering factor is independent

of scattering angle, 2� . This means NPD patterns have no drop in intensity at smallerd

spacings, unlike its X-ray counterpart. Thus, more precise atomic displacement parameters

can be determined from neutron powder di�raction.

Additionally, b does not vary in a systematic way thatf does. Thus, heavy elements

that scatter well with X-rays may not necessarily scatter well with neutrons, or vice-versa.

For example, natural Li scatters X-rays very weakly (f = 3 e� /atom), but has a negative

neutron scattering length (b = -1.90 fm), which provides invaluable elemental contrast in
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the NPD patterns for detection of Li in a crystal structure. Note that this is for Li in its

natural abundance, the isotopes of a given element have di�erent scattering lengths. These

di�erences between the two techniques allow neutron di�raction to provide complementary

information when elements in a structure are di�cult to distinguish by X-rays alone. For

example, light X-ray scatterers as previously mentioned or distinguishing between two

elements next to each other on the periodic table due to their similar X-ray scattering

lengths.

Intense beams of neutrons are generated by either a nuclear reactor or a pulsed spalla-

tion source. These two methods di�er quite signi�cantly. Since neutron beamlines at the

Spallation Neutron Source (SNS) at Oak Ridge National Lab (ORNL) were used for the

studies described in this thesis, only pulsed spallation sources using the time-of-
ight (TOF)

method will be discussed in detail below.

The de Broglie equation relates the wavelength of a neutron,� , to its momentum, mv:

� =
h

mv
(2.4)

whereh is Planck's constant (6.626� 10� 34 J�s) andm is the mass of the neutron (1.675� 10� 27

kg). By measuring the time a neutron takes to move over a �xed path length we can �nd its

velocity, and consequently its wavelength. This is known as the time-of-
ight (TOF) method.

Combining the de Broglie equation (Equation 2.4) with the Bragg equation (Equation 2.1)

gives:

� =
ht

mL
= 2dsin� (2.5)

wheret is the TOF and L is the path length. Thus, if the start time of the neutron is �xed,

only the arrival time at the end of the path length (i.e. the detector) needs to be measured.

At the reactor source, a constant 
ux of neutrons is time sliced by a mechanical chopper.

Pulsed neutron sources use a supply of charged heavy particles, such as H� ions, which

are accelerated in a linear accelerator (called a Linac). Electrons are then stripped o�

to produce a proton beam, which is then further accelerated in a ring to higher energy
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(accumulator ring). The beam is then diverted to collide into a heavy-metal target, resulting

in spallation; the metal nucleus is destroyed into a few smaller nuclei plus several neutrons.

These high energies correspond to high-temperatures, which produce epi-thermal (very hot)

neutrons, as opposed to neutrons from a reactor source, which are called thermal neutrons.

A moderator is then used to slow the neutrons down on their way to the instruments (i.e.

the beamlines). A three-dimensional rendering of how the SNS facility is set up at ORNL

is shown inFigure 2.2 .

Figure 2.2: Three-dimensional rendering of the Spallation Neutron Source facility at Oak
Ridge National Laborartory. Some components of the facility were developed in partnership
by other US national labs and are labelled accordingly. Image courtesy of Oak Ridge
National Laboratory, U.S. Dept. of Energy.46

2.2.3 Pair Distribution Function (PDF) Analysis

Pair distribution function (PDF) analysis is used to determine structural information of

disordered materials by utilizing all the information in the powder di�raction pattern. It is

commonly used in amorphous or nano-materials, where disorder is dominant or long-range

order does not exist. The Bragg scattering and the di�use scattering in the measured

pattern are both used in the analysis. Thus, this technique is sometimes referred to as

total scattering analysis since it provides information on both long range ordering and local
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structure. Long-range order is deduced from the Bragg peaks while short range order such

as local distortion can be deduced from the broad underlying features in the di�ractogram.

The structure is then described by the atomic pair distribution function, which can be used

to describe the local structure.

The pair distribution function describes the probability of �nding a correlation at a

speci�c distance in real space (i.e. two atoms bonded at a certain distance), which is

illustrated in Figure 2.3 . It is determined from the Fourier transform of the total coherent

scattering function S(Q) and is de�ned as:

G(r ) =
2
�

Z Qmax

Qmin

Q[S(Q) � 1]sin(Qr )dQ (2.6)

S(Q) is obtained from the scattering intensity/total scattering cross section. Because the

underlying di�use scattering is crucial for the analysis, extremely good signal to noise is

required with minimal background contribution from the measurement setup. Factors that

a�ect the background such as the sample environment and container, incoherent scattering,

absorption, and 
uorescence all need to be taken into account. Thus,S(Q) is corrected for

these various factors and normalized by the incident 
ux, number of atoms, and square of

the scattering length (neutrons)/atomic form factors (X-rays).

Figure 2.3: PDF construction from the atomic interaction between the center atom and
�rst, second, and third nearest neighbours.
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PDF analysis requires measurement up to a high Q-range, which means large di�rac-

tion angles and short wavelength (high energy radiation) are required. These types of

measurements are usually performed at a synchrotron for high quality and high energy

X-ray beams or at a TOF neutron di�ractometer where high Q measurement are possible.

Recently, there has been some progress in PDF measurements on laboratory X-ray di�rac-

tometers, although the data quality is still quite limited in comparison to measurements

on a synchrotron or neutron TOF di�ractometer.

Simple inspection of the PDF can provide lots of insight. The PDF is presented in

real-space and is a straightforward representation of the atomic structure. The observed

distances describe bond lengths between atomic pairs while the peak widths can be used

to identify thermal motions and static disorder. The integrated intensity also contains

information about the coordination number of the atoms. For detailed analysis, small box

or large box modeling can be performed to �t the PDF and precisely determine the structure

of the disordered materials in question. Small box modeling utilizes a crystal structure and

can be considered a \real space Rietveld re�nement", where parameters and constraints can

be used to �t a model to the PDF pattern. The disadvantage is it may be di�cult to �nd

solutions to highly distorted systems. Large box modeling with thousands of atoms utilizes

less constraints and can be very useful to explore such structures (e.g. amorphous materials),

however, it is extremely di�cult due to the possibility of over�tting or degenerate solutions.

2.2.4 Raman Spectroscopy

Raman spectroscopy provides information regarding vibrational and rotational modes in a

system, thus providing spectral lines that are inherent to speci�c groups of atoms within a

structure. These molecular vibrations can be used for sample or structural identi�cation.

Monochromatic light from a laser is shone on a sample where photons will either undergo

elastic scattering (Rayleigh scattering) or interact with the material and undergo inelastic

scattering (Stokes-Raman scattering). The inelastically scattered photons causes a shift in

the frequency equivalent to the vibration frequency of the molecules, which is then detected
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and used to generate the Raman spectra. The elastically scattered photons are �ltered out.

Raman scattering can be thought of as a two-photon process. Electrons have di�erent

vibration levels with speci�c energy di�erences. When an electron absorbs energy from an

incident photon, it rises to a virtual energy state. The electron then falls back to a lower

energy level by losing some energy. Rayleigh scattering is when the electron fall back to

its initial energy level by emitting a photon (energy lost equals energy of incident photon).

Sometimes electrons can fall back to a di�erent energy level (energy lost does not equal

energy of incident photon) and the emitted photon has a di�erent frequency (� s) than

the incident photon (� i ). This is known as Raman scattering. Raman scattering can be

separated into Stokes lines (� s < � i ) when the electron absorbs energy or anti-Stokes lines

(� s > � i ) when the electron releases energy.

A Raman spectrum contains a number of peaks that have some intensity and position of

the Raman scattered light that corresponds to a speci�c bond vibration such as individual

bonds (e.g. C-C, C=C, C-H, etc.) or groups of bonds such as ring breathing modes, polymer

chain vibrations, or lattice modes. The spectra can be used as a chemical �ngerprint to

identify chemical structures and phases. In some systems, Raman mapping is possible to

look at distribution of phases or variation within a sample.

2.2.5 Solid-state Nuclear Magnetic Resonance (NMR)

High-resolution NMR of solids has been implemented for many di�erent types of experiments.

For glasses, solid-state NMR is particularly useful to study their structures as the lack of

long-range order prevents the use of typical di�raction techniques. In this section, the

background theory will focus on the interactions in the solid state and the Magic Angle

Spinning (MAS) technique, since this was the NMR technique used in this thesis.

NMR spectroscopy for solutions is extremely powerful to investigate the chemical struc-

ture by studying the chemical shifts, couplings, and relative intensities of the resonances

in their spectra. NMR spectra in solids by comparison are not so well de�ned, typically
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showing broad features. In high-resolution NMR experiments, the goal is to manipulate

the spin systems to remove or average the characteristic solid-state interactions in order

to simplify the spectrum to a point where chemical information can be inferred from the

spectrum for structural investigations. In the solid state, the di�erent interactions that can

occur for a nuclear spin are dependent on the orientation of the nuclear spin vector to the

magnetic �eld, where the random distribution of possible orientations gives rise to signif-

icant spectral broadening. The di�erent interactions that can occur are brie
y described

below.

ˆ Zeeman Interaction: Results from the interaction of the magnetic moment of the

nucleus� N with the applied static magnetic �eld Ho. It causes the initial splitting of

the energy levels of the nucleus, and determines the observed frequency of a particular

nucleus for a given magnetic �eld and strength, and the detection sensitivity of that

nucleus.

ˆ Dipolar Interaction: Results from the interaction between two like or unlike spins. In

a single crystal, this would lead to separated peaks that depend on the gyromagnetic

ratio of the nuclei (
 ), the distance between the two nuclei (r ), and the angle (� )

between the the internuclear vector and the magnetic �eld. For a polycrystalline

material, the interactions must be averaged over all angles of� due to the random

distribution of crystallites and thus internuclear vector orientations. These two factors

lead to severe �eld-independent broadening of the spectrum.

ˆ Chemical Shift Interaction: The chemical shift in NMR provides information about

the local structure surrounding the nucleus. It is caused by the electrons surrounding

the nucleus, which modi�es the applied magnetic �eld experienced by the nucleus.

This slightly changes the di�erence between the energy levels on the order of Hz (in

comparison to the Zeeman interactions that are on the order of MHz). Averaging over

all possible random orientations in a polycrystalline sample produces a �eld-dependent

broadening.
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ˆ Spin-spin Coupling: The interaction between two nuclear spins from the indirect

electron-coupled spin-spin interaction. This is also called scalar coupling (electron

coupled). Interactions are mediated through bonds rather than space like in dipole

interactions. This term is small in most cases but may be important for studying

chemical structures. These interactions are important for spin1�2 nuclei, while for

nuclei with spin > 1�2, quadrupolar interactions must also be considered.

ˆ Quadrupolar Interactions: A quadrupole can be represented as two dipoles. Within

the nucleus of an atom, the charge can be distributed symmetrically (spin1�2) or

asymmetrically (spin > 1�2). Nuclei with spin I> 1�2 (quadrupolar nuclei) exhibit a

quadrupolar moment, which arises from the interaction between the nuclear spin

and a non-spherically symmetric electric �eld gradient at the nucleus, resulting in

extensive peak broadening.

In solution NMR spectra, fast rotational and translational motion of molecules average

the interactions. This leads to dipolar and quadrupolar interactions not being observed,

while isotropic chemical shifts and spin-spin couplings can be used for structural determi-

nation. For obtaining high-resolution solid-state spectra, experimental procedures must be

implemented to remove the dipolar interaction and produce isotropic average values like in

solution.

Chemical Shift Anisotropy: Magic Angle Spinning (MAS) Technique

Chemical shift anisotropy is a major interaction for spin1�2 nuclei. The chemical shift

interaction has an orientational dependence, which for a powder sample means there can be

severe asymmetric broadening. An asymmetric local electronic environment surrounding the

nucleus causes these peak shapes. In single crystals, this contains useful information of the

three-dimensional chemical shielding, and can be related to the coordination environment

and detailed nature of the bonding of the nucleus.

Using the magic angle spinning (MAS) technique, the anisotropic spectrum can be

averaged to the isotropic value. The sample is spun around an axis inclined at angle�
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to the magnetic �eld axis at a frequency comparable to the frequency spread of the shift

anisotropy (typically on the order of tens of kHz). E�ectively, the experiment modi�es the

shift anisotropy by a factor of 3cos2� � 1. If � = 54:74� (the \magic-angle"), this term

becomes zero, leaving only the isotropic chemical shift. This setting also removes the dipolar

interactions. If the sample is spun fast enough at a rate equal to the size of the chemical

shift anisotropy, a single isotropic average peak will be observed. Spinning at slower rates

will yield a spectrum with an isotropic peak plus spinning side bands separated by spinning

frequency.

MAS at High Magnetic Field

There is often an advantage of carrying out MAS experiments on inorganic systems at

high �eld strengths. For spin 1�2 nuclei there can be substantial improvement in resolution

partly due to the high quality superconducting solenoid magnets used. Also, dipolar and

quadrupolar interactions will be minimized at high magnetic �elds, while the chemical shift

dispersion is maximized.

Quadrupolar nuclei with non integral spins such as11B or 27Al also have advantages

when working at high magnetic �elds. For example, the line shape for a nucleus with spin

3�2 is mainly distorted and shifted due to the second-order quadrupole interaction, which is

inversely dependent on the magnetic �eld. Thus, undesired shifts and line shape distortions

are minimized at high magnetic �elds.

2.2.6 Di�erential Scanning Calorimetry (DSC)

Di�erential scanning calorimetry (DSC) measures the energy absorbed (endotherm) or

produced (exotherm) from a material as a function of time or temperature. DSC can be

used to provide information on a materials melting, crystallization, glass transition, degree

of crystallinity, crystallization kinetics, purity, and oxidative stability. Basically, any process

involving an energy change can be studied. The system is usually purged with inert gas

during the measurement.
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In a DSC instrument, the sample and reference, with identical pans, are placed on

individual thermally conducting bases. A thermocouples is attached to each base. There are

two types of DSC based on their method of operation: power compensation and heat-
ux.

In a power compensation DSC, electrical energy provided to the heaters below the pans is

measured and adjusted to maintain the two pans at the same temperature. The focus of

this section will be on a heat-
ux DSC, since that was the type of instrument used for the

DSC measurements described in this thesis.

Typically the reference is an empty pan and the sample is loaded into an identical

pan. To remove the e�ects of the instrument, the heat 
ow from an empty reference pan

is compared and subtracted from the heat 
ow from the sample. The heat 
ow of the

sample is determined by measuring the di�erence in temperature between the two pans

(� T) during the heating program. The heat 
ow (q) can be found by dividing � T by the

resistance of the thermoelectric disk (R) connected to the base of the pans. This equation

can be further modi�ed by applying correction terms to account for di�erences between

the sample and reference resistances and heating rates.

Interpreting the DSC Curve

DSC alone can provide a lot of thermal information on a material but it is especially

powerful when combined with additional techniques such as Thermogravimetric Analysis

(TGA) to measure mass loss or Gas Chromatography-Mass Spectrometry (GC-MS) to

evaluate o�-gassing. A 
ow chart in Figure 2.4 outlines the general interpretation of DSC

curves and provides a guideline for identify di�erent processes.

Baselines are complicated and not easy to establish. There is typically some initial

variation of the baseline that comes from mismatch of thermal properties between the

sample and reference or from the instrument bases. After a thermal event, there may be

some deviation in the baseline in comparison to before the event if the thermal properties

of the the sample at the elevated temperature di�ers from the thermal properties of the

low-temperature state. Abrupt changes in slope or position of the baselines are usually
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Figure 2.4: Flow chart outlining interpretation of DSC curves.

interpreted as second order transitions such as the glass transition temperature, where the

enthalpy change (� H ) is zero but there is a change in the heat capacity.

Endothermic and exothermic peaks are easier to identify. A sharp endothermic peak

is typically indicative of melting and is characterized by its onset position because the

peak apex (Tmax ) is dependent on heating rate or sample size. For impure substances, the

endotherms are broad and it is possible to estimate the impurity content from a detailed

shape analysis. Some exothermic processes are not always reversible, in contrast to melting

and many solid-solid phase transitions. DSC can also provide quantitative information on

the processes. For example, the enthalpy change (�H ) can be determined by the peak area
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in both exothermic or endothermic peaks. By heating and cooling the sample, it is possible

to determine if a process is reversible or not.

Heating and cooling rates have a strongly in
uence on the signal quality as well. Tran-

sitions such as evaporation, crystallization, melting, and decomposition are kinetic events.

Faster heating rates shift these peaks to higher temperature because the total heat 
ow

increases linearly with heating rate due to the heat capacity of the sample. Thus, increasing

the heating rate increases sensitivity, while decreasing the scanning rate increases resolution.

2.3 Electrochemical Techniques

2.3.1 Solid-State Cell Con�guration and Assembly

The positive electrodes are commonly prepared by hand mixing the cathode active material

and solid electrolyte. A solid electrolyte separator layer is �rst compressed, and then the

composite of the positive electrode is compressed on top of the solid electrolyte. The

other side of the solid electrolyte is interfaced with a lithium-indium alloy as the negative

electrode.

2.3.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is commonly used to investigate the reduction and oxidation

processes of a material where current is measured as a function of the applied potential.

The potential is �rst changed negatively, starting from a greater potential and ending at a

lower potential. The potential extrema is called the switching potential, and is the point

where the voltage is su�cient to have caused an oxidation or reduction of the material

being analyzed. The reverse scan occurs after, where the potential scans positively and

reverts the oxidation or reduction process.

A cyclic voltammogram is obtained by measuring the current and shows the redox

reactions occurring in the cell. From the area and the width of the peaks, information about
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the amount of material involved and the kinetics in the reactions can be inferred. However,

this information will be used qualitatively in comparison to the quantitative data drawn

from the galvanostatic cycling

2.3.3 Galvanostatic Cycling

This is the standard technique used to charge and discharge a battery. A potential window

is de�ned and a constant current is applied to discharge the battery and then reversed to

charge it again. The performance of a battery is determined as a function of its charge

and discharge conditions: a given rate, within a given potential range. The cycling rate

(C-rate) is usually expressed as C/h, where h is the number of hours it takes to be fully

charged/discharged. For example, 1C is 1 hour to fully charge or discharge the cell, while

C/10 would be 10 hours for a full charge or discharge.

One typically considers the speci�c capacity of the electrode material per weight (mA�h/g

for example). Long-term performance is evaluated by the retained speci�c capacity values

as a function of cycle numbers. Adjusting the cycling rate by increasing the current applied

can also provide useful information regarding the performance behaviour.

Galvanostatic cycling will result in a charge/discharge voltage pro�le, as a function of

speci�c capacity. A minimum voltage di�erence between charge and discharge is ideal to

maximize energy e�ciency, as it is indicative of good performance. The following parameters

are typically calculated and evaluated after performing the galvanostatic cycling:

ˆ Potential and Cell Voltage - the free energy of the half reaction �G is given by

Equation 2.7, wheren is the number of electrons involved in the reaction, F is Faraday's

constant, andE o is the standard reduction potential. The cell voltage is given by the

di�erence of the standard reduction potential for the half cell at the positive electrode

minus the negative electrode (Ecell = E o
+ � E o

� ).

� G = � nFE cell (2.7)
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ˆ Speci�c Capacity (mA�h/g) { as described in Equation 2.8, is de�ned by the amount

of charge in milliamp-hours stored per mass of electrode for one full discharge/charge

(capacity divided by the mass of active material)

Speci�c Capacity =
Capacity (mA�h)

Mass of Active Material (g)
(2.8)

ˆ Energy Density (W�h/kg) { battery energy in watt-hours per unit mass (product of

capacity and voltage per mass)

ˆ Capacity Retention {the ability of the cell to achieve a reversible speci�c capacity

over a de�ned number of cycles (usually expressed as a fraction or percentage of the

�rst cycle)

ˆ Cycle Life { the number of discharge-charge cycles the battery can experience before

it fails to meet speci�c performance criteria (typically 80% of speci�c capacity)

ˆ Coulombic E�ciency { ratio of the discharge speci�c capacity to the charge speci�c

capacity of the same cycle, compared over many cycles

2.3.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance is determined by applying an AC potential to a cell while

measuring the current in the cell. The electrolyte material is pressed into a pellet and

placed in a cell between two metal blocking electrodes. Typically, a sinusoidal potential is

applied producing a response as an AC current signal. The excitation signal is su�ciently

small to ensure the cell's current response is pseudo-linear. In linear systems, the current

response to a sinusoidal potential will be shifted in phase. The impedance is expressed as a

real and complex number. The data is plotted as a Nyquist plot, with the real part on the

x-axis and the imaginary part on the y-axis. Another popular representation is the Bode

plot where the impedance is plotted with log frequency on the x-axis and the absolute

values of the impedance as well as the phase shift on the y-axis.
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For impedance measurements on solid electrolytes, the Nyquist plot is composed of

one or more semicircles in the high frequency range, corresponding to bulk resistance and

capacitance, and the grain boundary resistance. After the semicircle, at low frequencies, a

straight line is seen that correlates to the overall resistance of the material. This straight

line is a result of di�usion that creates an impedance called a Warburg impedance. At

lower frequencies, reactants have longer di�usion distances, thus increasing the Warburg-

impedance.47

First, the pellet surface area (SA) in contact with the electrode, and pellet thickness

(t) is measured. Once the resistance (R) is calculated, either by �tting the Nyquist plot

to a corresponding circuit, or by extrapolating the linear part to the intersection with the

x-axis, the ionic conductivity (� ) can be calculated using Equation 2.9:

� =
t

R � SA
(2.9)

2.4 Computational Techniques

First principles calculations are widely used in studying the fundamental properties of

materials. These simulations, based on the fundamental quantum physics of interaction

between atoms, can be used to study the physical and chemical properties of materials

to develop valuable understanding and insights as well as assist in the interpretation of

experimental observations. The computational techniques carried out in this thesis were

performed using the VASP software.48

2.4.1 Density Functional Theory (DFT)

To �nd the ground state of a collection of atoms we must solve the many-body Shr•odinger

equation:

bH = E (2.10)

This describes our system of atoms that are composed of a nuclei and electrons.E is
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the energy of the system andbH is the Hamiltonian, which is an energy operator (kinetic

and Coulombic interaction terms) applied to the wavefunction . Solving the equation is

extremely complicated due to the signi�cant number of interactions between nuclei and

electrons. To simplify this we apply theBorn-Oppenheimer approximation , which

decouples the dynamics of the nuclei and electrons by treating the nuclei as �xed. The time

electrons need to �nd the ground state is signi�cantly faster than the rate the nuclei can

move and it can be considered that the electrons only see the external potentials of a static

nuclei. Thus,  is decoupled into a nuclei and electron wavefunction and we can focus on

solving the ground state of the electrons for a �xed set of atomic positions.

For solids and systems with many atoms, solving the electron wavefunction is still a

challenge because of the large number of electrons. To simplify this further we can consider

the electron density, which can be observed or measured. This reduces the problem from

3N dimensions to the 3 spatial dimensions of the electron density. Then, we can consider

the electron as a point charge in a �eld with all the other electrons, which simpli�es the

many-electron problem to many single-electron problems:

 (r1; r2; r3:::rN ) =  1(r1) �  2(r2) �  3(r3) � ::: �  N (rN ) (2.11)

Using the individual electron wave functions, the electron density can be de�ned as:

� (r ) = 2
X

i

 �
i (r ) i (r ) (2.12)

At the heart of DFT are the Hohenberg-Kohn theorems , which states that ground

state energy is a unique functional of the electron density (i.e. E = E[� (r )]). Thus, the

electron density is all that is required to de�ne the ground state energy and the electron

density that minimizes the energy of the overall functional is the true ground state electron

density. In other words, the ground state density can be found by minimizing the energy

functional.

The energy functional can be divided into two parts - one that is known and one that
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is unknown:

E( i ) = Eknown ( i ) + Exc( i ) (2.13)

The known part is composed of the kinetic energy term and the potential energy terms

that come from the Coulombic interactions. The unknown part is the exchange-correlation

functional (Exc) that takes care of the quantum mechanical interactions between electrons.

Unfortunately, this is not known and needs to be approximated. The simplest exchange-

correlation functionals are the local density approximation (LDA), which is based on local

electron density, and the generalized-gradient approximation (GGA), which accounts for

the gradient of the electron density.

To obtain the ground state in practice we can use theKohn-Sham approach . First, we

consider a set of single-electron wavefunctions in a non-interacting system. The interactions

are implicity accounted for in these potentials:

[�
~

2m
r 2 + Vext (r ) + VH (r ) + Vxc(r )] (r ) = � i (r ) i (2.14)

where the r 2 operator on the wavefunction gives the independent particle kinetic

energy, (Vext ) is the external potential acting on the electrons due to the nuclei,VH is the

Hartree (or Coulomb) potential that describes the electron interacting with the electron

density, and Vxc is the approximated exchange-correlation potential that describes the

interactions among electrons.

We start with some trial or initial guess for the electron density and utilize a self-

consistency scheme. Using the trial density we can solve the set of Kohn-Sham equations

(one equation for each electron). Then, the obtained set of wavefunctions can be used to

recalculate the electron densities usingEquation 2.12 . This obtained electron density

is compared to the inputted density, and if it has converged to an acceptable degree of

tolerance, self-consistency is achieved and the ground state is found. If it has not converged,

the obtained electron density is used as the new initial density and looped through until it
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is converged.

Plane-wave DFT is typically used in periodic systems. In a crystal, there is a periodic

arrangement of atoms that has a periodic potential. In general, free electrons are represented

by a plane wave. Using Bloch's theorem, the electrons in a periodic potential can be

considered as Bloch waves (i.e. perturbed free electrons) to give the electron wave function

in the crystal:

 nk (r ) = ei k �r unk (r ) = ei k �r
X

G

ck ei G �r (2.15)

where k is the plane waves modulated by some periodic potentialunk (r ) within the

lattice and is expanded as a sum of plane waves in reciprocal space given by the reciprocal

lattice vectors G. Numerically, a cuto� energy needs to be de�ned in practice to truncate

the in�nite expansion. The plane wave vectors span the reciprocal space and integration

of the plane-wave basis functions occurs over the 1st Brillouin zone. Thus, in practice an

appropriate number of k-points must be selected to sample the Brillouin Zone. Both the

energy cuto� and k-point density need to be carefully chosen to ensure convergence in the

DFT calculation while simultaneously keeping the computational cost low.

Finally, chemical bonding and other properties of the material are typically determined

from the interaction of the valence electrons. To simplify and make the calculations more

computationally feasible, the core electrons are \frozen" and the electron density of the core

is represented as a smoothed density in a pseudopotential. This is typically pre-calculated

and provided in libraries with the DFT software.

2.4.2 Ab-initio Molecular Dynamics (AIMD)

Molecular dynamics simulations are used to study the motion of atoms or molecules (i.e.

the time-dependent behaviour of a system). Interaction between atoms and molecules in a

system are simulated over a speci�c time period that allows us to study a dynamic picture

of the system. At each discrete step, atoms and molecules are moved along trajectories that

follow Newtonian dynamics. The forces acting on the particles and the potential energy of
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the system can be determined using empirical interatomic potentials or quantum mechanical

formulism. The former is referred to as classic molecular dynamics (MD) and the latter is

known asab-initio molecular dynamics (AIMD). For studying solid electrolytes, AIMD is

more suitable than classical MD because of the limited accuracy of empirical potentials.

Many approximations are made to develop these empirical potentials and may need to

be re-developed from material to material. AIMD utilizes quantum mechanical methods

such as DFT to evaluate the interatomic potentials. The tradeo� is AIMD is much more

computationally expensive than classical MD.

From classical physics, a particle at positionr o and velocity vo that feels a forceF over

a time t is moved to a new positionr (t):

r (t) = r o + ( vo(t) +
1
2

at2)) (2.16)

wherea is the acceleration (which equalsF/m) and is assumed constant over the time

interval t. However, in reality a is not constant, so this is considered an approximation. A

smaller timestep would lead to a better approximation but longer computation time, so an

appropriate timestep must be chosen carefully. The forceF that acts on a particle comes

from the derivative of the potential energy for the ions in the system, which is in part

determined from the electron interactions solved by DFT.

A molecular dynamics simulation cam be run in a microcanonical ensemble (NVE) where

the temperature is not controlled, or a canonincal ensemble (NVT), where the temperature

is controlled by a thermostat. The choice of ensemble depends on the properties that are

to be studied. For an NVT ensemble, thermostat algorithms can be used to control the

temperature of the simulation since temperature is related to particle velocities. One such

algorithm that is commonly used is the Nose-Hoover thermostat, which employs a \heat

bath" as an additional variable and introduces a variable called a friction coe�cient that is

used to slow down or accelerate particles until the temperature reaches the desired value.
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Chapter 3

Impact of the Li substructure on the

di�usion pathways in a and b-Li 3PS4:

an in-situ high temperature neutron

di�raction study

This section is reproduced in part with permission from the Royal Society of Chemistry:

Kavish Kaup, Laidong Zhou, Ash�a Huq, and Linda F. Nazar,Journal of Materials

Chemistry A, 2020, 8, 12446-12456 (DOI: 10.1039/D0TA02805C)

* Laidong Zhou synthesized the Li3.25Si0.25P0.75S4 material.

* Dr. Ash�a Huq provided guidance for the in-situ neutron di�raction measurements at

Oak Ridge National Lab.
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3.1 Introduction

Among all the sul�dic electrolytes, Li3PS4 is prominent for its excellent (quasi)stability with

lithium metal, ease of processability, and the decent ion conductivity of the� -polymorph.49

Li3PS4 is considered the archetype of the thiophosphate solid electrolyte family today, and

has been the subject, or launching point, of many experimental and computational stud-

ies.50{52 It exists as three polymorphs:
 , � , and � . The bulk 
 phase exhibits extremely

low room temperature ionic conductivity - around 3� 10-7 S�cm� 1 - while at higher temper-

atures the 
 phase transforms into the more conductive� phase, followed by conversion

to the � -phase. The� phase can be stabilized at room temperature as a nanoporous form

(via solution synthesis in THF) that exhibits a higher ion conductivity, on the order of

10-4 S�cm� 1.53 Other solution-based syntheses have given similarly positive results,37,54{57

and the ionic conductivity of these materials may still be improved by engineering the grain

boundaries, an important area of research in fast-ion conducting materials.58{60 It has also

recently been shown that a \� -like" phase can be stabilized at room temperature via silicon

substitution on the phosphorus site, increasing the conductivity up to 10-3 S�cm� 1.61

Numerous experimental studies on the parent Li3PS4 structures and their derivatives

have used techniques such as X-ray Di�raction (XRD) and Nuclear Magnetic Resonance

(NMR) 51,62 in conjunction with ab initio molecular dynamics (AIMD) and Density Func-

tional Theory (DFT) calculations50,63{68 to develop an understanding of the relationship

between structure and properties. Hommaet al. studied the phase transitions and struc-

tures of the polymorphs using synchrotron XRD.69,70 However, lithium scatters poorly by

X-rays owing to its low electron density and can result in ambiguity for the lithium siting,

occupancies, and atomic displacement parameters (ADPs). To solve this issue, neutron

di�raction is used to resolve lithium ions in a crystal structure, but because such studies

have not been applied to the bulk� and � -Li3PS4, their structures remain incomplete. The

structure of � -Li3PS4 was apparently solved by single crystal X-ray methods at 25� C,71

but some degree of (Si + Li) substitution for P was clearly accidentally responsible for its
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stabilization at this temperature,61 since below 200� C, only the 
 phase exists even with

quenching. More signi�cantly, the Li sublattice of the� -phase has never been resolved; early

XRD studies were able to identify only one lithium site in the unit cell.69,70 No complete

experimental structure of� -Li3PS4 exists to date. As recent calculations have predicted

that the � -phase may have true superionic conductivity - up to 8� 10� 2 S�cm� 1 if it could be

stabilized at room temperature72 - it is of keen interest to determine the Li substructure in

this lattice, and understand the Li-transport pathways. Such knowledge may be helpful to

envisage if (and how) stabilization of� -Li3PS4 under ambient conditions could be possible.

In this work, in-situ, variable temperature, high resolution neutron powder di�raction

(NPD) studies are performed on several Li3PS4 related materials - bulk Li3PS4, nanoporous

� -Li3PS4, and Si-substituted Li3PS4 - to elucidate the structural di�erences of each com-

position that lead to fast-ion conductivity (summarized inFigure 3.1 ).

Figure 3.1: Overview of the synthesis procedure and results of thein-situ variable temper-
ature neutron powder di�raction for bulk Li 3PS4, nanoporous� -Li3PS4, and Si-substituted
Li3PS4 (Li 3.25Si0.25P0.75S4).

Using high-temperature NPD data, the structure of the� phase is solved for the �rst

time and compared to its
 and � polymorphs. Second, while Li-ion transport is essentially

similar in bulk � -Li3PS4 and its nanoporous� -form (which was examined previously by

neutron di�raction), 63,66 the nanoporous material is shown here to be strongly a�ected by
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the incorporation of a hydrogen-containing amorphous component which is not released from

the structure until highly elevated temperatures. This may be the underlying cause of the

fast-ion conductivity and good stability witnessed in numerous studies.57,73{75 Furthermore,

while Si substitution of P in Li3PS4 stabilizes a� -like phase (referred to as� ') at room

temperature via entropic e�ects, it was found here that, intriguingly, this composition does

not exhibit a phase transition to the � -polymorph on heating even up to 600� C. Thus, the

� '-Li 3.25Si0.25P0.75S4 phase is stable on cooling back to room temperature. The rationale

behind the suppression of the phase transition is presented.

3.2 Results

3.2.1 Phase transitions: 
 ! � ! �

Bulk 
 -Li3PS4 was synthesized and examined by variable temperature NPD (on POWGEN,

Oak Ridge National Lab) to monitor the phase transitions as a function of temperature.

In good accord with previous studies on the phase transitions of Li3PS4,69 the in-situ

neutron studies (Figure 3.2 A) show that the 
 to � phase transition begins at 250� C and

is complete at 300� C, while the � to � phase transition begins at 450� C and is complete

at 475� C. The latter gradual transition between 450� C to 500� C is more clearly illustrated

in a contour format in Figure 3.2B. Upon cooling, Li3PS4 directly transforms back to the

thermodynamically stable
 phase, entirely skipping the� phase (Figure 3.3 ). While the

structure of the 
 phase has been previously reported based on powder XRD and is not

relevant to this study, since it has never been solved from NPD those re�nement details are

provided in Appendix A for the sake of comprehensiveness (Figure A.1 and Table A.1 ).

3.2.2 Nanoporous b-Li 3PS4: stabilization by amorphous

H-components up to 400 � C

Nanoporous� -Li3PS4 was synthesized in THF following the procedure reported by Liu

et al.53 As described, the THF complex was then annealed for 16 hours at 160� C under
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Figure 3.2: A) In-situ variable temperature neutron powder di�raction from 25� C to 500� C
showing the evolution of
 -Li3PS4 to the � and � phases. B) Contour plot of di�raction
patterns upon heating showing phase transition from the� to the � phase.

Figure 3.3: Contour plot upon cooling showing the phase transition from� directly to
the 
 phase occurs around 260� C.

vacuum to remove THF from the structure.Figure 3.4 shows NPD patterns of the 160� C

annealed nanoporous� -Li3PS4 measured at 50� C, 300� C, 350� C, and 400� C. The pattern

at 50� C shows a signi�cant background contribution indicative of the presence of hydrogen.

The scattering length of the hydrogen nucleus has a large inelastic component, which results

in a high continuous background that masks the intensity of the Bragg peaks from the

coherent scattering component. Since the only possible source of hydrogen is THF, residual
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solvent or solvent decomposition products clearly remain in the� -Li3PS4 material after

annealing, although their correlation to the good ionic conductivity of the� -phase is unclear

at present. The hydrogen-containing component can only be completely removed from the

structure at about 400� C - as monitored by the background contribution (see Figure 3.4) - a

temperature beyond what is typically used to synthesize nanoporous� -Li3PS4 (i.e. 160� C).

Figure 3.4: Variable-temperature NPD patterns of nanoporous� -Li3PS4. High back-
ground originates from incoherent scattering of hydrogen, indicating presence of a hydrogen
containing component.

Inspection of the nanoporous and bulk di�raction patterns show no major di�erences

except for the degree of crystallinity (bulk is better crystallized than nanoporous). The

observed re
ections are the same and both patterns are indexed to thePnma space group.

A contraction in the a lattice parameter for the nanoporous phase occurs when heating

from 50 to 350� C (from a = 12.960 to 12.820�A) as presented inFigure 3.5 . However,b

and c increase resulting in the lattice volumes of both phases to be nearly identical at 350� C,

di�ering by approximately 4 �A3. The same trend in the lattice parameters was observed for

bulk Li 3PS4 (see discussion section). Subsequent cooling of the material heated at 400� C to
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room temperature results in transformation directly back to the
 phase. Thus, it is likely

that residual solvent decomposition products trapped in the material on the nanoporous

surfaces stabilize the� -phase at room temperature by helping to maintain the high surface

area of the material.53

Figure 3.5: Neutron powder di�raction patterns of nanoporous� -Li3PS4 at 50� C and
350� C, compared with bulk � -Li3PS4 at 350� C. The lattice parameters were re�ned from
Pawley �ts of each di�raction pattern.

3.2.3 Bulk b-Li 3PS4

The structure of bulk � -Li3PS4 was re�ned in the space groupPnma using a model that

is quite similar to that from previous studies on bulk� -Li3PS4,69 and nanoporous� -

Li3PS4,63,66 with the notable di�erence here being the identi�cation of the splitting of the

Li1 and Li2 sites (Wycko� position 8d! (8d + 8d) and 4b! 8d as seen inFigure 3.6A ).

A comparison between the nanoporous and bulk� -Li3PS4 is summarized inTable 3.1

and the full details of the �t and re�ned structure can be found in Appendix A,Figure A.2

and Table A.2 . A Fourier di�erence map revealed negative density for Li1 and Li2 that

could either be accounted for (in each case) by one site with a massive anisotropic atomic
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