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Abstract

The increased use of portable electronic devices, the electrification of ve-

hicles, and the need to store the energy generated by renewable energy sources

are driving the search for safer and better performing batteries. The devel-

opment of all-solid-state batteries, those containing a solid electrolyte, is vital

in the search for safer alternatives to current commercial lithium-ion batter-

ies. At present there are a number of inorganic materials with the potential

to be solid electrolytes. However, a complete understanding of ion migration

within thesematerials is necessary if they are to be improved and implemented

commercially.

Here, a range of complementary techniques have been used to study ion

migration in the sodium-doped lithium-stuffed garnet, Li5+2xLa3–xNaxM2O12

(M = Nb, Ta, G = 0 - 0.4), a potential solid electrolyte. High-resolution 6,7Li and
23Na multiple-quantum magic-angle spinning (MQMAS) NMR data, paired

with powder X-ray diffraction (PXRD) studies, indicate that sodium substitutes

onto multiple sites within the lithium-stuffed garnet structure, including those

believed to be involved in ion conduction. Impedance measurements, muon

spin relaxation (µSR) spectroscopy, variable-temperature (VT) 6Li NMR, and
23Na exchange spectroscopy (EXSY) studies, in conjunctionwith computational

methods (molecular dynamics simulations), have been used to investigate the

ion mobility of the system. The work presented suggests that the substitution

of sodium ions into the structure results in a blocking of the lithium-ion con-

duction pathway, thereby reducing the ionic conductivity of the system. To
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fully understand the affects of sodium substitution on the structure and re-

sulting ion mobility, 93Nb, 139La, and 17O NMR studies were also undertaken.

Interestingly, the data presented here suggests that, although the structure is

cubic on average (Ia3̄d), locally, the system exhibits a lower symmetry due to

the number of crystallographically distinct sites observed. This is of significant

interest as the observed physical properties may vary depending on the local-

and long-range order of the structure.

The complex spinel Li2NiGe3O8 is currently being investigated as a poten-

tial solid electrolyte for all-spinel all-solid-state batteries. Here, by combining

VT solid-state NMR studies with µSR, the ion mobility was investigated. 7Li

MASNMRstudies indicate the occupation of the octahedral lithiumsite, associ-

ated with ion migration, at temperatures much lower than previously reported

(260 K). Ionmigration is observed at this temperature in both the VT 6,7Li NMR

and µSR data. Furthermore, the proximity of the tetrahedral and octahedral

sites to the paramagnetic nickel centre has allowed valuable insight into the

migration pathway, specifically the migration of lithium via the octahedral site,

to be gained via NMR studies.

In addition to studying solid electrolytes, Sc2(WO4)3, a material that ex-

hibits negative thermal expansion, has been investigated as apotential electrode

material for potassium-ion batteries. Here, a Sc2(WO4)3 electrode discharged

against potassium was studied using 45Sc and 39K MAS NMR spectroscopy,

in conjunction with PXRD. The ability to observe intercalated potassium ions

via 39K MAS NMR is extremely promising for future studies of potassium-

discharged samples. Using VT PXRD, the thermal expansion behaviour of

the discharged electrodes were also investigated. Between 923 and 1023 K,

significant negative thermal expansion (αV = −1.90 × 10−4 K−1) was observed,

attributed to the formation of a α-K2WO4 phase. This study has highlighted

the potential for solid-state NMR to assist in the characterisation of potassium-

discharged batteries, which is particularly encouraging.
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Chapter 1

Background and Introduction

1.1 Challenges in Energy Research

Modern society is currently exploring ways in which to create a depend-

able and sustainable energy supply that can successfully meet the demands of

the world’s growing population. In doing so, society is faced with a number of

significant challenges, including the limited supply of fossil fuels, rising levels

of CO2 in the atmosphere, and increased global warming. In recent years, ef-

forts have concentrated on trying to move away from burning fossil fuels and,

instead, using renewable energy sources, such as wind, solar, and tidal power.

Whilst excellent in their ability to provide energy, renewable energy sources

are notoriously intermittent in their ability to supply energy on demand and,

as a result, storing the energy they provide is crucial. Reducing society’s de-

pendence on the internal combustion engine, particularly for transportation, is

also regarded as an important step in the move towards a sustainable future.

As a result, governments worldwide have recently put legislation in place to

support the widespread use of electric vehicles. For example, the UK govern-

ment hopes to end the sale of conventional petrol and diesel cars and vans by

2040 and, in order to achieve this, they are offering incentives for those who

purchase plug-in electric cars.1 However, it is noted that such vehicles require

suitable energy storage devices in order to maintain an acceptable speed and



2 Chapter 1. Background and Introduction

driving range.

The increased use of portable technology and electric vehicles, combined

with the need to store the energy generated by renewable energy sources, is

driving thedevelopment of energy storagedeviceswith increasedperformance.

Batteries are already being used for energy storage on a day-to-day basis and

could provide a solution to such problems. Batteries store chemical energy and

convert it to electrical energy on demand. When compared to other energy

storage devices, such as fuel cells and supercapacitors, batteries have many

advantages. For example, unlike fuel cells, batteries do not store energy using

external fuel. Therefore, they do not require fuel tanks, pumps, or filters,

making them easier to design andmaintain. Similarly, whilst supercapitors are

good at providing energy quickly, batteries can store more energy for a given

weight or volume. This is important for large-scale storage applications such

as storing the energy from renewable sources or powering electric vehicles.2,3

As energy storage devices play a vital role in creating a more sustainable

society, there has been a considerable push to develop batteries with increased

performance and improved safety that are both easy to manufacture and cost

effective.

1.2 Batteries

The specific design of a battery can be varied to suit its desired applica-

tion. However, all batteries are composed of one or more electrochemical cells,

containing two electrodes, an anode (negative) and a cathode (positive), which

are separated by an electrolyte (Figure 1.1). Redox reactions occur at the elec-

trodes in order to convert chemical energy into electrical energy when the cell

(or battery) is in use. This process, called discharge, produces a current. It is the

thermodynamics and kinetics of these reactions that determine a cell’s power

output and energy storage capabilities. At the anode, an oxidative chemical

reaction occurs, producing both ions and electrons. The ions generated travel
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Figure 1.1: A schematic representationof anelectrochemical cell as it converts
chemical energy into electrical energy. As the cell is used (discharged) the
oxidation reaction at the anode (shown in red) produces electrons (green) and
ions (purple). The electrons travel to the cathode via the current collectors
and external circuit (grey), whilst the ions travel via the electrolyte (pink).
These are then combined at the cathode (blue) by a reduction reaction.

to the cathode via the electrolyte, whilst the electrons move via an external

circuit (Figure 1.1). In order to force the current to flow through the external

circuit, the electrolyte must conduct ions but not electricity. A reductive chem-

ical reaction occurs at the cathode in which ions arriving from the electrolyte

combine with electrons from the external circuit. Hence, cells are driven by

the difference in chemical potential between the anode and the cathode. As

a result, anodes with low redox potentials, such as lithium, are matched with

cathodes with high redox potentials, such as transitionmetal oxides (vide infra).

Metallic current collectors, such as aluminium or copper, are typically used

to transfer current between the external circuit and the electrodes. As com-

mercial electrolytes are commonly liquids, a selectively-permeable separator is

required to prevent the electrodes from physically touching. If the electrodes

were to come into contact with one another the cell would short-circuit, releas-

ing the stored chemical energy as heat. When producing commercial batteries,

manufacturers need to carefully select compatible materials that provide the

desired properties.
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There are twomain types of batteries: primary and secondary. A primary

battery is a cell, or collection of cells, that generates electrical energy until the

stored chemical energy runsout, afterwhich they arediscarded. These batteries

are discharged during their use. In constrast to a primary battery, secondary

batteries can be restored to their original or charged state once they have been

fully discharged by the application of a current. These are commonly known

as rechargeable batteries and are found in cars and many modern portable

electronic devices. However, it is noted that rechargeable batteries do not last

forever. The cycle life of a rechargeable battery is defined as the number of

cycles (i.e., full discharge and charge) before the capacity has decreased to 80%

of its original value.2–4

1.3 Lithium-Ion Batteries

Due to its very negative redox potential (−3.04 V vs. a standard hydrogen

electrode), lowweight (6.94 g mol−1), and small ionic radius, lithiummetal is an

ideal anodematerial for creating batteries with high capacities and large power

densities.5,6 After being successfully incorporated as an anode material in pri-

mary batteries, the development of rechargeable batteries utilising a lithium

metal anode gained interest.2,6,7 In 1972, Exxon published their work investigat-

ing a rechargeable battery with TiS2 as the cathode, a lithiummetal anode, and

a perchlorate in dioxolane electrolyte. These batteries had an output voltage

of ∼ 2.2 V. Although the inital results were promising, rechargeable batteries

with lithium metal anodes were never successsfully commercialised due to

major safety concerns. For example, during charging, as lithium is plated back

onto the lithium metal anode, dendritic-like lithium growth can occur. This

creates a potentially explosive system as the dendrites formed could pierce

the separator and, in turn, short-circuit the battery. As a result, lithium metal

anodes cannot be used in conventional rechargeable batteries. However, they

can be used in primary batteries or in half-cells for evaluating the performance
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of electrode materials. As a result, this is one of the methods currently used in

many research laboratories exploring battery-related research.4,6

Although rechargeable batteries cannot be fabricated using a lithium

metal anode, it is still possible to take advantage of lithium’s properties by

replacing the metal anode with an alternative. This is most commonly an

intercalation material. These are solid host structures which can store guest

ions that can be reversibly inserted and removed. Lithium-ion (Li-ion) batteries

are a class of battery that use Li+ as the guest ion and a range of different

host materials as electrodes (both anode and cathode).4,6 In 1991, SONY was

first to commercialise a rechargeable Li-ion battery using two intercalation

electrodes, a LiCoO2 cathode and a graphite anode (Figure 1.2).4,6 Both of these

materials have layered structures, where lithium ions can be inserted into and

removed from between the layers. LiCoO2 is composed of alternating layers

of lithium and cobalt cations within a cubic close packed (ccp) array of oxygen

anions (Figure 1.2(b)). Rechargeable batteries are often manufactured in their

discharged state but, before they can be used, they must be charged by the

application of a current. During charging, LiCoO2 is reduced to Li1–xCoO2 and

the lithium ions generated migrate through the electrolyte and are intercalated

between the layers of carbon in graphite. When the battery is discharged to

produce a current, the LixC is reduced and the lithium ions return to their

position within the cathode. The redox reactions describing each of these

processes are summarised below:4

Anode: C + Ge− + G Li+ −−−⇀↽−−− LiGC , (1.1)

Cathode: LiCoO2 − Ge− − G Li+ −−−⇀↽−−− Li1−GCoO2 , (1.2)

Overall: C + LiCoO2 −−−⇀↽−−− Li1−GCoO2 + LiGC . (1.3)

Owing to their ability to store energy in a small volume, Li-ion batteries

are used in portable electronic devices, including laptops and mobile phones.5
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+
_

Graphite
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LiCoO2
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LiPF6
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Figure 1.2: (a) A schematic representation of SONY’s first commerical
rechargeable Li-ion battery. The green arrows indicate the flow of lithium
ions and electrons during the charging process whilst the pink arrows illus-
trate the discharging process. The layered crystal structures of the electrode
materials (b) LiCoO2

8 and (c) LiC6,9which allow lithium ions to be reversibly
inserted and removed during operation. In both (b) and (c) the unit cell is
shown by the black dashed line.

The global Li-ion battery market is predicted to reach 71 billion U.S. dollars

by 2025.10 It is estimated that in 2020, the Li-ion battery market will reach 7

billion dollars and 10.2 billion dollars for handset and automobile batteries,

respectively.11 Owing to their influence in society, in 2019 the Nobel Prize for

Chemistry was awarded to M. Stanley Whittingham, Akira Yoshino, and John

Goodenough for their contributions to the development of Li-ion batteries.12
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However, it is noted that the development of Li-ion batteries is still very much

ongoing in the quest for better performing materials and devices.

1.3.1 Current Challenges for Li-Ion Batteries

A batteries performance can be measured by its capacity and energy

density. The capacity of a cell or battery is the total charge per unit weight

(mAh g−1) or volume (mAh L−1) transferred by the current. This is essentially

a measure of the number of ions moving from one electrode to the other. The

energy density is a measure of the energy storage capability of a battery, in

relation to its volume (Wh L−1) or weight (Wh kg−1).4 The C/LiCoO2 battery,

initially commercialised by SONY, had an ouput voltage of 3.6 V, a gravimetric

energy density between 120 and 150 Wh kg−1, and a working capacity of 145

mAh g−1. The majority of current Li-ion batteries still use the intercalation

chemistry initially introduced by the original Li-ion batteries. As a result,

advancements have been slow, typically focused on this intercalation chemistry.

Whilst optimisation of a battery’s design can improve its practical performance,

the chemistry of the anode, cathode, and electrolyte dictate the overall output

voltage and theoretical performance. Hence, new high performance battery

materials need to be investigated and developed.6,7

Anodes

Graphite is abundant, low cost, highly conductive, and has a low delithi-

ation potential (∼0.15 V vs. Li+/Li). This makes it a very attractive material

for use as an anode. However, graphite anodes have a limited capacity (372

mAh g−1), because only one lithium ion can be intercalated for every six carbon

atoms. During the lifetime of a battery, there may be further capacity loss due

to exfoliation of the graphite. This is when the layers of the graphite become

separated from one another due to excessive cycling. Unfortunately, this is

detrimental to the anodes ability to intercalate lithium. Despite this, carbon-
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based anodes are continually improving. For example, hard carbons have been

developed for use in rechargeable batteries. These have disordered, graphite-

like grains with nanovoids. It is these voids and defects that can incorporate

lithium, leading to an increased capacity. In addition, hard carbons provide an

increased cycle life, as they are less prone to exfoliation.

Alternatives to graphite and hard carbons are also being investigated.

These include lithium titanate (LTO), silicon, and tin.4,5 LTO (Li4Ti5O12) has a

spinel structure (Figure 1.3) composed of a ccp array of X anions with A- and

B-site cations occupying some or all of the tetrahedral and octahedral sites. In

LTO, lithium and titanium cations occupy the tetrahedral and octahedral sites,

respectively, within the ccp array of oxygen anions. When compared to the

general formula for a spinel, AB2X4, Li4Ti5O12 has an excess of lithium and is

deficient in titanium. Hence, within the structure, 1/6 of the titanium sites

(b)c

b

c

ba

(c) c

ba

Li

Li0.167Ti0.833TiO6

Li3

(a)

Figure 1.3: The crystal structure of Li4Ti5O12
13 viewed (a) along the a-axis

and (b and c) along the channels of the lithium-ions. In (c), the location of
the octahedral Li3 sites, occupied during lithiation, are highlighted by green
circles. In all cases, the unit cell is denoted by the black dashed line.
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are occupied by lithium ions. It’s believed that these lithium ions are strongly

bonded and, therefore, do not take part in intercalation. As a result, the struc-

ture can be described as having a framework of Li0.167Ti0.833O6 octahedra with

channels through which the lithium ions can migrate. As well as the tetrahe-

dral sites, these channels also contain octahedral sites that can be occupied by

lithium. As the battery is charged, lithium is intercalated into the channels of

LTO to create the series Li4+xTi5O12, where 0 < G < 3. During this process, the

structural framework undergoes very little change. When G = 0, lithium ions

occupy the Li1 site. Lithiation results in the occupation of the octahedral Li3

site. As the lithium concentration is increased, lithium ions move from Li1 to

Li3 in order to reduce the unfavourable Li1-Li3 interaction, until G = 3 when

the lithium ions predominately occupy the Li3 site. However, high tempera-

ture neutron diffraction (ND) studies of Li4Ti5O12 suggest that the intercalated

lithium may be split over two sites either side of the Li3 site as this is more

stable and favourable for ion migration. Both end members, Li4Ti5O12 and

Li7Ti5O12, occupy the space group Fd3̄m and possess similar lattice parame-

ters, a = 8.36363(5) and 8.35805(2) Å, respectively. As a result, LTO shows only

0.2% volume expansion upon lithiation, which is much lower than graphite

(10%). Unfortunately, LTO has a higher delithation potential (∼1.6 V vs. Li+/Li)

which dramatically reduces the output voltage of a battery. In addition to this,

LTO has a lower theoretical capacity, 175 mAh g−1, than graphite. Hence, the

possible applications for LTO are limited.5,14–16

In contrast, silicon and tin are both high capacity anodes with theoretical

capacities of∼4200 and 994mAh g−1, respectively. This, coupledwith their low

delithiation potentials, ∼0.4 and 0.6 V vs. Li+/Li, makes them attractive anode

materials. However, it is noted that these materials do not intercalate lithium.

Instead, silicon and tin react with lithium via an alloying reaction/mechanism

to form alloys, including Li4.4Si and Li4.4Sn. As a result, large volume expan-

sions are observed, 320% and 260% for silicon and tin, respectively. Hence,
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without improvement, these materials are currently unsuitable for use in Li-

ion batteries. Unfortunately, these alloying anodes also suffer from large ir-

reversible capacity losses and short lifetimes. There are a number of possible

reasons for this. Firstly, the large volume expansion observed upon lithiation

of the anode can cause the electrodes to crack and separate from the current

collector. Secondly, reactions between the anode and electrolyte, as well as

lithium becoming trapped within the alloy, removes lithium from the system,

thereby reducing the capacity. A number of techniques have been employed to

try and improve the performance of alloying anodes, including reducing the

particle size, creating thin-films, or creating composite anodes.17 As a result,

new anode materials are being developed that combine high capacities, low

redox potentials, and minimal volume changes.

Cathodes

There are a number of materials being explored for use as cathode ma-

terials, including layered oxides, spinels, and polyanionic materials. Each of

these materials have their advantages and disadvantages. As briefly discussed

earlier, layered oxides, such as LiCoO2, have been used since the development

of the first Li-ion battery and offer high capacities. Despite being used in

numerous batteries and devices, LiCoO2 is an expensive material owing to

the limited abundance of cobalt. Furthermore, the reduction of LiCoO2 past

LiCo0.5O2 results in the evolution of O2, as CoIV is an unfavourable oxidation

state. Incorporating ∼10% Al3+ into the structure can help to stabilise the elec-

trode but this can, in turn, cause a decrease in capacity.4–6 LiNi0.8Co0.15Al0.05O2

is currently used commerically as a cathode material in batteries for electric

vehicles. These cathodes have a reasonable lithiation potential (3.7 V), high

capacity (∼200 mAh g−1), and long lifetimes. However, improvements are still

needed, as decreases in capacity have been reported at increased temperatures

due to cracking at the grain boundaries of the cathode.18
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Manganese oxides, such as the spinel LiMn2O4, are less expensive and

toxic than cobalt oxides and can offer improved lithium ion diffusion and, thus,

high rate capabilities. Due to its high redox potential (∼4 V vs. Li+/Li), batteries

utilising LiMn2O4 as a cathode have the potential for a high output voltage.

However, LiMn2O4 suffers from limited capacity, with a theoretical capacity

of 148 mAh g−1. In addition to this, during cycling, Mn3+ ions can undergo a

disproportionation reaction, forming Mn2+ and Mn4+. Due to its solubility in

common electrolytes, Mn2+ is believed to destabilise the passivating layer that

builds up on the anode during operation. To overcome this, the cathode can

be coated with metal oxides, such as Al2O3 and ZrO2, to prevent the leaching

of Mn2+.19,20

One alternative to traditional transitionmetal oxides are polyanionic com-

pounds. These contain large polyanions, such as PO4, occupying sites within

the structure. For example, LiFePO4 adopts an olivine structure (Figure 1.4).

Here, lithium and iron ions order on the octahedral sites, while phosphorous

occupies the tetrahedral sites within a hexagonal close packed array of oxygen

anions. Most notably, when compared to LiCoO2, LiFePO4 is more economical

to prepare but has a slightly lower lithiation potential (3.4 V vs. Li+/Li). Al-

though its theoretical capacity (170 mAh g−1) is lower than that of LiCoO2, it is

still usable. The biggest obstacle for using LiFePO4 is its low electrical conduc-

tivity. As a result, it is often combined with carbon.5,20,23 Another polyanionic

material of interest for cathodes is LiFeSO4F. This crystallises with the tavorite

structure (Figure 1.4), where distorted FeO4F2 octahedra, connected by the F

vertices, form chains along the c-axis while SO4 tetrahedra cross-link these

octahedra in the other directions. The lithium ions occupy a site within the

channel of this framework coordinated in a trigonal planar configuration by one

flourine and two oxygen ions. They are believed to migrate through the struc-

ture via three-dimensional zig-zag channels. This permits the fast migration of

lithium ions through the structure, which is expected to enable the cathode to
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LiO6

FeO6

PO4

a

c

(a)

(b) c

a

FeO4F2

SO4

Li

Figure 1.4: The crystal structures of (a) LiFePO4
21 and (b) LiFeSO4F.22 In (a)

the Li and Fe ions are ordered on the octahedral sites, whilst P ions occupy
the tetrahedral sites. The lithium ions form channels that go into the page,
along the b-axis. In (b) a framework of FeO4F2 octahedra, cross-linked by
SO4 tetrahedra, houses the lithium ions, whichmigrate through the structure
in a zig-zag motion. In both cases, the unit cell is denoted with a dashed
black line.

perform at high rates of charge/discharge. In addition to this, these materials

offer a slightly higher lithiation potential (3.6 V vs. Li+/Li) than LiFePO4, which

is close to that of LiCoO2.22,24,25

Many current studies are trying to increase the output voltage of batteries

by utilising cathode materials with high redox potentials. For example, the

spinel LiMn1.5Ni0.5O4
26 (∼4.7 V vs. Li+/Li) and the olivine LiCoPO4

27 (∼4.8 V

vs. Li+/Li) both have higher operating voltages than current cathode materials.

However, these cathodes are not stable with the electrolytes currently used
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as they operate above the electrolyte oxidation potential.20,26,27 Hence, this

suggests that cathode materials need to be developed in conjunction with new

electrolytes.

Electrolytes

Typically, commercial electrolytes are a solution of lithium salts, e.g.,

LiPF6, LiBF6, or LiCF3SO3, in a non-aqueous solvent.6,28 The most common

electrolytes use a carbonate-based solvent composed of ethylene carbonate

(EC), diethyl carbonate (DEC), propylene carbonate (PC), and/or dimethyl car-

bonate (DMC). These organic solvents have large electrochemical windows,

for example, 1 M LiPF6 in EC:DEC has a reduction potential of 1.3 V and an

oxidation potential of 4.5 V vs. Li+/Li.28 Outside this operating window, the

electrolyte is unstable and unwanted reactions can occur between the elec-

trolyte and electrodes. Graphite-based anodes have an intercalation potential

(0 to 0.5 V vs. Li+/Li) below the reduction potential of most organic solvents

(∼1 V vs. Li+/Li). As a result, the anode falls below the electrolyte’s stability

window and causes its decomposition during charging. Reactions between the

organic solvent and the anode can form a solid electrolyte interface (SEI) layer

on the surface of the anode during the first charge of the battery. Although

this layer helps to protect the anode from further reactions, it irreversibly re-

moves a small amount of lithium from the system, as lithium becomes trapped

in the layer formed, causing a loss in capacity. This can also result in an in-

crease in the resistance across the cell, as ions now need to pass through the

SEI layer.4,28,29 Furthermore, the use of organic solvents leads to major safety

concerns. For example, carbonate-based solvents, such as EC and DEC, are

extremely flammable and have low flash points (< 30 ◦C).28 At present, this is

one of the greatest concerns and challenges associated with the use of commer-

cial Li-ion batteries. As such, there is significant pressure to move away from

liquid-based electrolytes and move towards solid-state equivalents.
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1.4 Solid Electrolytes for All-Solid-State Batteries

The development of all-solid-state batteries has arisen as a result of the

many challenges faced by current commerical batteries, namely the use of

flammable liquid electrolytes, which are known to pose very serious fire and

safety risks. By replacing the organic liquid electrolyte with a solid equivalent,

the risks associated with electrolyte leakage are removed. The use of a solid

electrolyte also removes theneed for a separator, provided the electrodes cannot

come into contact with each other.30,31 The concept of a solid electrolyte is

not new, they are already used in a variety of systems, including fuel cells

and capacitors.32,33 For example, solid electrolytes capable of conducting oxide

ions are being used in solid oxide fuel cells.32 Although the development of

all-solid-state batteries is under way and a prominent area of research, there

are still very few commercially available. Small all-solid-state batteries have

been implemented for use in implantable biomedical devices, e.g., batteries for

cardiac pacemakers that utilise a thin-layer of LiI as an electrolyte. An initial

requirement of these batteries is the need to provide steady power over a long

period of time, whilst also being both safe and reliable.34

In addition to relieving safety concerns, all-solid-state batteries are ex-

pected to be more robust and have longer lifetimes than conventional lithium-

ion batteries. This is due to the mechanical properties and stability of solid

electrolyte materials. All-solid-state batteries can operate over a wider range of

temperatures than conventional Li-ion batteries, as the electrolyte is less vul-

nerable to freezing or boiling. Solid electrolytes may also operate over a wider

range of voltages, allowing the implementation of high voltage cathodemateri-

als. Another challenge faced by conventional Li-ion batteries is the polarisation

of the electrolyte due to its low transference number, often less than 0.5. The

transference number (CLi) is the proportion of the total conductivity provided

by the species of interest, CLi = σLi/σtotal. If the electrolyte has a low transfer-

ence number, a concentration gradient can build up across the battery which
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can be detrimental to its lifetime. With an immobile anion framework, solid

electrolytes can have a transference number close to 1. Ideally, all-solid-state

battery technology will provide overall improvements to the energy density,

capacity, and operating voltage of lithium-ion batteries, whilst also addressing

the safety concerns.

Despite their many potential advantages, there are, however, many chal-

lenges facing the widespread commercialisation of all-solid-state batteries. Al-

though they are simpler to design and can be much smaller, they are currently

extremely costly tomanufacture and the often poor interfaces between the solid

electrolyte and electrodes can cause increased cell resistance. However, as the

demand for energy storage increases and the search for safer alternatives to liq-

uid electrolytes continues, all-solid-state batteries are becoming more popular

as an alternative to current battery technology.30,35

1.4.1 Solid Electrolytes

Undoubtedly, the development of new all-solid-state batteries is driving

the search for suitable solid electrolyte materials that can improve both the

safety and performance of lithium-ion batteries. Electrolytes must have high

ionic conductivities (> 10−4 S cm−1), negligible electrical conductivity (< 10−10

S cm−1), be stable during electrochemical cycling, and have a transference num-

ber close to 1. In addition to this, the materials used need to be low cost, easy

to process and manufacture, and environmentally friendly. In order to realis-

tically compete with current liquid organic electrolytes, solid electrolytes are

expected to have an ionic conductivity greater than 10−2 S cm−1.28,36 Further-

more, during operation, all components of the battery will undergo minimal

changes in volume. Although the solid electrolyte is unlikely to experience

volume changes itself, cathode and anodematerials often expand during inter-

calation. As a result, solid electrolyte materials need to be robust against the

associated strain this can cause.37
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At present, there are three main challenges facing solid electrolyte ma-

terials: (1) Solid electrolytes need to have sufficiently high enough ionic con-

ductivities in order to compete with current battery technology.36,38,39 (2) The

interface and interaction of the solid electrolyte with the electrodes needs to be

investigated in greater detail. The electrolyte needs to have a voltage window

large enough that it is not reduced or oxidised by either electrode. In some

cases, decomposition products can form layers at the interface between the

electrolyte and electrodes. These layer’s can have poor ionic conductivities or

high electrical conductivities. In addition to the reactivity at the interfaces,

poor solid-solid contact within the battery significantly contributes to the cell’s

overall resistance and are a major concern for all-solid-state batteries.35,39 (3)

It was originally proposed that solid electrolyte materials, particularly solid

inorganic electrolytes, would be ideal for use with metal anodes as they could

be immune to dendrite formation. Using a lithium metal anode, with its low

redox potential, would increase the output voltage of such batteries. How-

ever, unfortunately, recent studies have shown that lithiummetal can penetrate

into the solid electrolytes, thus making the challenge of developing suitable

materials that bit harder.40

In recent years, a significant number of materials have been investigated

as potential solid electrolytes, the majority of which can be classified into two

categories: polymeric or inorganic. Solid polymer electrolytes consist of a

lithium salt solvated in a polymer, such as poly(ethylene oxide) (PEO). Themo-

tion of the polymer framework assists in the migration of lithium ions through

the material’s bulk. Furthermore, polymers offer easy processing and flexibil-

ity. However, most polymer electrolytes have a crystalline-amorphous phase

transition, below which the ionic conductivity is low. This means that, for

PEO-based electrolytes, batteries would need to operate above 60 ◦C, which is

unrealistic for many practical applications. Unfortunately, operation above 80
◦C leads to a decrease in both the mechanical properties and electrochemical
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stability window of the electrolyte. This can result in lithium dendrite forma-

tion and safety concerns. As a result, a number of modifications have been

suggested to increase the amorphous content of the polymers with the hope of

improving the room temperature ionic conductivity. For example, gel polymer

electrolytes add a liquid plasticiser, e.g., PC or EC, to increase the amorphous

content. However, in doing so, these systems are no longer compatible with

lithiummetal anodes and use the same organic solvents all-solid-state batteries

are trying to replace. Another method of increasing the amorphous content

is to introduce a solid plasticiser to create a hybrid polymer electrolyte. These

solid plasticisers are crystalline inorganic powders dispersed throughout the

polymer. The addition of the inorganic solid can improve the ionic conductivity

and cycling stability, as well as provide resistance against dendrite formation.

However, unfortunately, some polymers conduct both anions and cations. This

gives rise to a low transference number and can lead to detrimental electrolyte

polarisation during operation.38,41 At present, there are a large number of poly-

mer electrolytes being investigated and a number have made it to commercial

battery testing. Most notably, electric vehicles produced by the Bolloré group

utilise all-solid-state batteries with a polymer electrolyte. Although these bat-

teries need to be operated at elevated temperatures, which uses some of the

batteries energy, they demonstrate that all-solid-state batteries can be used to

run a fleet of electric cars, which is particularly encouraging.42

Many inorganic materials, both crystalline and amorphous, have been

proposed as potential solid electrolytes. As ions tend to be fixed on their crys-

tallographic sites, these electrolytes have transference numbers close to 1. In

addition to lacking a concentration gradient, high transference numbers allow

lower ionic conductivities to be tolerated. Amorphous or glassy electrolytes

tend to have higher ionic conductivities than their crystalline analogues. In

part, this is due to their disordered structure and better interfaces with elec-

trodes. Within this thesis, crystalline inorganic materials are of the greatest
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interest, as they can offer high ionic conductivities and a potential solution to

dendrite formation, thereby enabling the use of a lithium metal anode.36,38,39

Hence, the following sections will discuss crystalline inorganic systems as po-

tential solid electrolyte candidates.

1.4.2 Ionic Conductivity in Crystalline Inorganic Solids

When studying potential solid electrolyte materials, it is important to

understand themechanism(s) for ionmigration andhow ionmobility is affected

by the material’s crystal structure. There are a number of structural features

that can affect the ion conduction capabilities of a material, including defects,

frameworks, and partially occupied sites. If the ion migration pathway is fully

understood then it is possible to optimise the structure and, therefore, obtain

the most optimal physical properties. When studying functional materials, it is

important to combine multiple, complementary characterisation techniques in

order to fully understand the often complex relationship between a material’s

physical properties and its structure. In particular, it is vital to study both the

long-range and local structure of a material and identify/determine how these

can affect and influence the resulting macroscopic and microscopic physical

properties.

The migration of ions through a solid electrolyte is vital to its function.

The precise mechanism for the migration of ions is often complex and chal-

lenging to study. Themajority of solid electrolytes have a structural framework

through which mobile ions can travel and, hence, why they have been selected

as possible candidate materials. Typically, ion migration pathways propa-

gate through either vacancy hopping or interstitial-type mechanisms. Figure

1.5 highlights the potential migration pathways of a cation through a simple

crystal lattice via vacancy hopping (red) and direct and indirect interstitial

mechanisms (purple).

Vacancy hopping pathways require the structure to contain vacancies.
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Figure 1.5: A schematic representation of cations (red or purple) migrating
via vacancy hopping and direct and indirect (correlated) interstital mechan-
sims.

These can be introduced by either defects or distinct structural features, e.g.,

partially occupied sites. The most common defects in crystal lattices are Schot-

tky and Frenkel defects. Schottky defects are a pair of charge balanced vacan-

cies, i.e., both a cation and an anion vacancy. A Frenkel defect is created when

an ion leaves its site to occupy an unoccupied site between the regular sites in

the structure, termed an interstitial site, thereby creating a vacancy in its place.

If there is a vacant cation site within the structure, a neighbouring cation can

move onto that vacant site, leaving its site vacant for another cation to occupy,

as shown in Figure 1.5. The vacancy will continue to move through the struc-

ture as cations move to occupy it. Vacancy hopping can occur for both anions

and cations, but it is noted that anions are typically larger and less mobile.

If a crystal structure has ions occupying interstitial sites, an interstitial-

type mechanism for ion migration may be preferable. These interstitial sites

may be occupied as part of the crystal structure or they may be introduced

as a Frenkel defect. If a nearby interstitial site is vacant, an ion can either

migrate from its interstitial site directly or indirectly, as shown in Figure 1.5.

During the indirect interstitial mechanism, one ion forces a nearby ion to move

onto the vacant interstitial site from its site. This is more commonly known
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as correlated migration as the movement of one ion directly influences the

migration of another.43–45

Although some materials can easily be classified as having a vacancy or

intersitial ion hopping mechanism, most solid electrolytes have complicated

or convoluted structures with complex ion migration pathways. For example,

in some structures it has been suggested that the rotational freedom of large

polyanion units can aid ion migration via a paddle-wheel effect. This has been

observed for PS4 – and BH4
– units, as well as the OH– dipole.46–48 In addition

to complex ion conduction pathways, some materials, e.g., the hydrated anti-

perovskite Li2OHCl, need to undergo a phase transition before they become

fast ion conductors.48,49

The overall conductivity of a material, σ, is given by

σ =

∑
8

=8@8µ8 , (1.4)

where =8 is the number density of charge carriers of type 8 with charge @8 and

mobility µ8 . In addition to this, there is an activation barrier with energy �a as-

sociatedwith hopping from one site to another. As a result, pathways with low

activation energies are often preferred and lead to lower ionic conductivities.

This can be modelled via the Arrhenius equation,

σ = � exp −�a
:)

, (1.5)

where ) is the temperature, : is the Boltzmann constant, and � is a pre-

exponential factor. To achieve a high ionic conductivity, materials need to

have an optimum number of charge carriers with high mobility and a pathway

with a low activation energy. The number of charge carriers can initially be

increased by increasing the temperature or via aliovalent substitution, where

substituting an ion for one with a differing charge leads to the creation of

additional ions or vacancies through charge compensation. However, it is
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noted that the ionic conductivity will reach a maximum and decrease with

further substitution. Hence, beyond the optimal charge carrier concentration,

substitution is associated with a decrease in ion mobility. This is often caused

by large distortions in the local structure of the solid electrolyte or a lack of

vacant hopping sites.36,43,44

1.4.3 Current Crystalline Inorganic Electrolyte Materials

Lithium-ion conductivity has been observed in a variety of different ma-

terials exhibiting various different crystal structures. Despite the large number

of candidate materials proposed to date, no one material has been identified

that fulfils all of the necessary criteria outlined earlier (vide supra). As such,

it would be impossible to review every potential solid electrolyte suggested to

date. Hence, this section will introduce each of the main classes of materials

proposed and how the structure influences the observed/reported properties.

LISICONs and thio-LISICONs

LISICON-type materials take their name from the compound known as

LIthiumSuper Ionic CONductor, Li14Zn(GeO4)4.50 Thismaterial andLISICON-

type materials take their structure from γ-Li3PO4 which crystallises in the or-

thorhombic space group Pnma, where LiO4 and PO4 tetrahedra form parallel

chains along the a-axis (Figure 1.6(a)). Although relatively low, the ionic con-

ductivity of these materials arises from the diffusion of lithium ions from the

LiO4 tetrahedra into interstitial sites between the chains.51 Aliovalent substitu-

tion is onemethodof increasing the lithium-ion conductivity in this system. For

example, the substitution of P5+ for Si4+ or Ge4+ increases the lithium content

via charge balancing. The excess lithium ions cannot occupy the already fully

occupied LiO4 site so, instead, partially occupy the interstitial site, as demon-

strated in Figure 1.6(b). This both increases the number of charge carriers and

reduces the lithium hoping distance, thereby increasing the ionic conductivity
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Figure 1.6: The crystal structures of (a) γ-Li3PO4
52 and (b) Li3.5Si0.5P0.5O4.53

In each case, the unit cell is denoted by the dashed black line.

to ∼10−6 S cm−1 for Li3.6Si0.6P0.4O4. Additional studies indicate that the ionic

conductivity can be increased further by the substitution of O with S to cre-

ate thio-LISICONs. For example, Li3.4Si0.4P0.6S4 has an ionic conductivity of

6 × 10−4 S cm−1 at room temperature, two orders of magnitude higher than its

conventional LISICON counterpart.54

More recently, a new class of LISICON-typematerials, Li10MP2S12 (M=Si,

Ge, Sn), have gained attention based on their reportedly high ionic conductivi-

ties. Li10GeP2S12 (LGPS) has a room temperature ionic conductivity of 1.2×10−2
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S cm−1 and crystallises in the tetragonal space group P42/nmc.55 This structure

has a framework composed of (Ge0.5P0.5)S4 and PS4 tetrahedra that edge- and

corner-share with LiS6 octahedra, respectively (Figure 1.7). This six-coordinate

lithium site is one of four lithium sites in the structure and is labelled Li2. The

tetrahedral Li1 and Li3 sites form one-dimensional edge-sharing chains along

the c-axis. The fourth lithium site, Li4, connects the Li1 sites of neighbouring

chains in the ab-plane.

Initally, the Li1-Li3 chains were believed to be responsible for the high

ionic conductivity of LGPS. However, since then, the migration of the lithium

ions through the ab-plane has been supported by both experimental and com-

putational studies.46,56–59 Molecular dynamics (MD) simulations performed by

Adams and Rao suggested three potential ion migration pathways in LGPS:

Li1-Li3-Li1, Li1-Li4-Li1, and Li3-Li2-Li3. The movement of lithium through

these pathways is thought to be coupled with rotation of the PS4 group.46 Ad-

ditional calculations predict the energy barrier for migration via the Li4 site

to be much lower (0.37 eV) than via the Li2 site (0.56 eV).60 Using solid-state
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(Ge0.5P0.5)S4
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Figure 1.7: The crystal structure of Li10GeP2S12
56 viewed (a) along a and (b)

along c. In (b) the channels for lithium-ion migration along the c-axis (into
the page) are clearly visible. In (a), the four distinct lithium ions are labelled
and in all cases the unit cell is denoted by a black dashed line.
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nuclear magnetic resonance (NMR) spectroscopy, Liang et al. identified two

lithiummigration regimes corresponding to (1) the fast one-dimensional chan-

nels and (2) migration in the ab-plane via the Li4 site.59 When designing a

solid electrolyte material, three-dimensional conductivity is preferred, as ma-

terials with linear one-dimensional pathways are often susceptible to defects

that result in blocking of the ionmigration. However, the movement of lithium

perpendicular to the c-axis chains allows LGPS to avoid this and maintain a

high ionic conductivity.46

LGPS is averypromising solid electrolytematerialwithminimal electrical

conductivity (5.7× 10−9 S cm−1) and a reported ionic conductivity of 1.2× 10−2

S cm−1, which is competitive with current liquid electrolytes. In addition to

this, Kayama et al. reported a large electrochemical stability window of ∼5 V.55

However, despite the many promising features, the wide-spread commerisili-

ation of LGPS is still facing extensive challenges, in particular with regards to

safety. Most sulphur-containing materials are hydroscopic, producing H2S on

contact with moisture, making the batteries potentially hazardous and unsafe.

Futhermore, it is challenging to successfully synthesise phase-pure samples of

LGPS. An orthorhombic phase has been observed as an impurity by powder

X-ray diffraction (PXRD) and solid-state 31P NMR spectroscopy.57,59 However,

density functional theory (DFT) calculations predict LGPS to be thermodynam-

ically unstable, suggesting it is eithermetastable or stabilisedby entropic effects.

These calculations also suggest that LGPS is unlikely to be stable during elec-

trochemical cycling with lithium. This is contrary to the large electrochemical

window observed experimentally. It has been suggested that the large elec-

trochemical window is due to the formation of SEI layers that prevent further

degredation of the electrolyte. In particular, it is believed that the electrolyte

decomposes into Li2S andP2S5 at the anode and cathode, respectively.58Wenzel

et al. have used a combination of in-situX-ray photoelectron spectroscopy (XPS)

and time-resolved electrochemical impedance spectroscopy (EIS) to study the
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formation of the SEI layer with lithium metal during electrochemical cycling.

Here, they observe the formation of a SEI containing lithium sulfide, lithium

phosphide, and either a germanium-lithium alloy or germanium metal. How-

ever, it is noted that accurate characterisation of the SEI is quite challenging.

This is particularly important when it is predicted to be ∼370 nm thick after a

year.61

There are a wide range of LISICON-type materials being investigated as

potential solid electrolytes. For example, a number of compositional substi-

tutions have been made to LGPS in an attempt to make it more commercially

viable, e.g., the substitution of germanium for more cost effective metals, such

as silicon or tin. Luckily, this is not predicted to have a significant effect on

performance. However, the use of oxygen-containing derivatives of LGPS does

not provide a more safe and stable alternative. Computational studies predict

the series Li10MP2O12 (M = Ge, Si, Sn) to have poor stability and low ionic

conductivities. It is noted, based on predicted trends, that the sulphur an-

ion is the ideal size, compared oxygen and selenium, for lithium migration to

successfully occur through this structure.62

Argyrodites

Argyrodites, based on the mineral Ag8GeS6, are materials currently of

significant interest due to their reportedly high ionic conductivities. For ex-

ample, Ag7PS5X is known to be a fast conductor of silver ions.63 The lithium

analogues, with general formula Li7–xPS6–xXx (X = Cl, Br, I), are currently be-

ing investigated as possible solid electrolyte materials. Within these systems,

it is the complex and disordered crystal structure that is believed to give rise to

high ionic conductivities (up to 7×10−3 S cm−1). Li7PS6 crystallises in the cubic

space group F4̄3m, where the sulphur ions form a tetrahedral close packed

anion lattice containing a network of isolated PS4 tetrahedra (Figure 1.8). The

lithium ions are then disordered over partially occupied tetrahedral sites in the
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Figure 1.8: The crystal structures of Li7PS6
64 viewed (a) along the a-axis and

(b) such that the individual sites can be observed. The unit cell is denoted
by the black dashed line.

structure.65–67 At low temperatures, the lithium ions order across the structure.

This ordered low temperature structure is not as well understood but is be-

lieved to be of lower symmetry, with Kong et al. suggesting the orthorhombic

space group Pna21.67

For the series Li6PS5X (X= Cl, Br, I), the halide is substituted onto the

S2 site, these are the independent sulphide ions that are not part of the PS4

tetrahedra. For Li6PS5I, there is ordering of the sulphide and iodide ions

throughout the structure, giving rise to distinct S2 and X sites. In constrast, in

Li6PS5Cl, the sulphide and chloride ions are fully disordered. Li6PS5Br exhibits

partial ordering, with 84% S and 16% Br on the S2 site and 60% Br and 40% S

on the X site. At low temperatures (below 173 K), lithium ion ordering has only

been observed for Li6PS5I.65–67 For this series, ionic conductivities of 1.9×10−3,
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6.8 × 10−3, and 4.6 × 10−7 S cm−1 have been reported for the chloride, bromide,

and iodide derivatives, respectively.68

Based on current literature, there appears to be a very complex rela-

tionship between disorder and the ionic conductivity which is not yet fully

understood. Studies combining solid-state NMR spectroscopy and MD simu-

lations have identified two different forms of lithium-ion dynamics. Initially, a

fast local ion migration occurs that does not contribute to the material’s ionic

conductivity. The onset of this mobility can be observed via NMR at temper-

atures as low as 87 K for Li6PS5Br. This local ion movement forms hexagonal

cage-like pathways within the structure. These local pathways are then con-

nected at elevated temperatures to form a three-dimensional pathway, which,

in turn, generates the ionic conductivity. Depending on the precise composi-

tion of the system the proposed lithium-ion migration pathway varies. For X

= Cl, the hexagonal cage-like pathways form around the halide ion. However,

for X = I, this movement is centred around the S2 site. The bromide-containing

argyodites are thought to combine the features of both the X =Cl andX= I path-

ways. To date, of all the agyrodite systems, Li6PS5Br exhibits the highest ionic

conductivity and, therefore, the most potential promise as a solid electrolyte

material.66,68,69

Electrochemical cycling of Li6PS5Br and Li6PS5Cl suggests both systems

are stable over a large voltage range. However, close inspection of the voltam-

mogram of Li6PS5Br indicates a number of small peaks, likely caused by the

oxidation of free S2– and Br– ions.70,71 When constructed into a battery with a

composite cathode of Cu, Li2S, and Li6PS5Br and an In anode, Li6PS5Br shows

promising performance. However, unfortunately, after 20 cycles, the impuri-

ties CuxLi6–xPS5Br and CuxLi2–xS were observed in the cathode via PXRD. It

is believed that CuxLi6–xPS5Br is a conductor of both Li+ and Cu+ ions, which

decreases the performance of the battery. In addition to this, the activematerial

becomes detached from the electrolyte as the battery is cycled.70 Preliminary
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tests using LiCoO2 as the cathode also showed evidence of a passivating layer

forming between the LiCoO2 and Li6PS5Cl electrolyte.71 Hence, there are still

a number of practical issues associated with using such systems as solid elec-

trolytes in fully functioning cells.

As with the thio-LISICON materials, the sulphur content of Li6PS5X (X=

Cl, Br, I) provides challenges for future commercialisation. As such, oxide-

based argyrodites, such as Li6PO5X (X = Br, Cl), have also been investigated as

potential electrolyte materials. Despite crystallising in the F4̄3m space group,

the oxide-based argyrodites exhibit ordering of the lithium-ions up to 873 K.

This is much higher than observed for the sulphide-based systems, in which

disordering is observed at room temperature. It is believed that ordering of

the lithium leads to the low ionic conductivities (∼10−9 S cm−1) measured for

Li6PO5Br and Li6PO5Cl.72 Although the air and moisture sensitivity causes

challenges for its use in conventional all-solid-state Li-ion batteries, argyrodite-

based systems are potential solid electrolyte materials for lithium-sulphur bat-

teries, which use sulphur cathodes. In particular, argyrodites offer high ionic

conductivities, easy processing, and, most importantly, compatibility with sul-

phur cathodes. Despite having a lower ionic conductivity than LGPS, the syn-

thesis of Li6PS5X does require expensive starting reagents, including GeS2.73

Perovskites

The perovskite structure has been used to describe hundreds ofmaterials,

including awide range of functionalmaterials. With the general formulaABX3,

perovskites can be described as a framework of corner-sharing BX6 octahedra

withA-site cations occupying 12-coordinate sites within the framework. This is

classically representated with the B-site cations on the corners and the A-site in

the centre of the unit cell. An example of an “ideal” cubic perovskite based on

SrTiO3 is shown in Figure 1.9(a).74 However, in reality, most perovskites exhibit

tilting of the octahedral units, which lowers the symmetry of the system. The
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Figure 1.9: (a) The crystal structure of SrTiO3
75 which crystallises in

the “ideal” cubic perovskite structure. (b) The crystal structure of
Li0.21La0.597TiO3

76 with the lanthanum-rich and lanthanum-deficient layers
highlighted. In both cases, the unit cell is denoted by a black dashed line.

Goldschmidt tolerance factor, C, is typically used to describe how the system is

likely to distort. For a given structure,77

C =
'A + 'X√
2('B + 'X)

, (1.6)

where 'A, 'B, and 'X are the relative ionic radii of the A-, B-, and X-site

ions. The perovskite structure can be formed for 0.8 ≤ C ≤ 1 and for the

“ideal” perovskite C = 1. In addition to tilting, cation displacements are often

observed in perovskites. These are the small shifts of the A- and/or B-site

cations from their ideal position. The structure of the perovskite is vital to

its role as a functional material. Hence, the size of the A-, B-, and X-site ions

should be considered when designing perovskite-based functional materials.
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Additionally, compositional doping of smaller or larger ions can be used to

change and fine tune the structure.

Lithium lanthanum titanate (LLTO), Li3xLa2/3–xTiO3 where 0.04 < G <

0.14, is currently the best lithium-ion conducting perovskite-based system.

Here, lithium is introduced onto the A-site via aliovalent doping of La2/3TiO3.

As well as introducing lithium into the system, this creates a number of A-site

vacancies, which are believed to facilitate lithium-ionmobility. The structure of

LLTO is complex with a number of partially occupied sites and, as a result, the

ion migration pathway is also quite complicated. The exact structure depends

on the precise lithium content. Samples have been reported to crystallise

in a wide range of structural types including cubic, tetragonal, hexagonal,

and orthorhombic. The majority of compositions, G > 0.08, crystallise in the

P4/mmm space group.78–80

A number of structural features are believed to influence the ion mobility

of lithium in LLTO. During migration, lithium ions pass through square pla-

nar bottlenecks composed of the oxygen atoms of the TiO6 octahedra. Due to

a deviation from the expected behaviour at high temperatures, it is has been

suggested that the mechanism for ion conduction is temperature assisted. This

is possibly caused by an opening of the bottleneck due to tilting of the TiO6

octahedra.79 The size of the bottleneck can also be influenced by the substitu-

tion of cations onto either the A- or B-site. For example, the substitution of

silver onto the A-site for lithium leads to a distortion of the bottleneck that is

favourable for ion migration.81 In addition to these bottlenecks, the ordering

of the lanthanum and lithium ions throughout the structure is thought to be

critical to improving ion migration. In some cases, ordering of the A-site ions

occurs such that it creates alternating lanthanum-rich and lanthanum-deficient

layers perpendicular to the c-axis (Figure 1.9(b)). It is believed that both the

ordering of these layers and the local ordering between the layers play a pivotal

role in the ion migration pathway.82,83
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Unfortunately, the synthesis of LLTO is quite challenging. High tem-

perature sintering is required which is known to result in lithium loss.79,84

Additionally, polycrystalline samples of LLTO exhibit much lower ionic con-

ductivities than that of single crystals due to high grain boundary resistance.

For a polycrystalline sample of Li0.34La0.51TiO2.94, a total conductivity of 2×10−5

S cm−1 was reported at room temperature. However, once the grain boundary

resistance was removed, an ionic conductivity of 1 × 10−3 S cm−1 was deter-

mined for the sample itself. In addition to this, lithium ions can intercalate

into the structure, thereby increasing the electrical conductivity. As a result,

LLTO is not compatible with lithium metal anodes, which is a considerable

barrier when assessing its potential application and commercialisation in all-

solid-state lithium-ion batteries.84

Anti-Perovskites

Anti-perovskites crystallise in the same structure as perovskites. How-

ever, they are electronically inverted from A+B2+X–
3 to A+

3B
2–X– . Lithium-rich

anti-perovskites (LiRAPs) are one class of anti-perovskites that have recently

attracted considerable attention owing to their reportedly high ionic conductiv-

ities. LiRAPs have the general formula Li3OX, where X is a halogen, typically

chlorine, bromine, or iodine (Figure 1.10). Li3OCl was first reported as a po-

tential solid electrolyte by Zhao and Daemen with a room temperature ionic

c

b

Br

OLi6

Figure 1.10: The cubic crystal structure of the LiRAP Li3OBr85 with the unit
cell denoted by a black dashed line.
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conductivity of 8.5 × 10−4 S cm−1. This can be increased further via composi-

tional substitution, e.g., Li3OCl0.5Br0.5 has an ionic conductivity of 1.94 × 10−3

S cm−1. It is noted that, Li3OBr has a lower ionic conductivity than Li3OCl.

This is likely due to the size of the larger bromide ions that essentially fill the

dodecahedral site within the perovskite structure, leaving little space for the

lithium ions to migrate. Interestingly, Li3OCl exhibits titling of the octahedra

that is believed to inhibit ionmigration. Whereas, in Li3OCl0.5Br0.5, themixture

of anions is believed to optimise the space available for ion mobility by increas-

ing the size of the bottleneck, without causing any structural distortions.86 It

has been suggested that, for Li3OCl, vacancies introduced by Schottky defects

are involved in ion migration.87,88

It is noted, however, that recent studies of LiRAPs have raised some se-

rious questions over the validity of the data intially presented by Zhao and

Daemen and have suggested that the Li3OCl samples initally prepared and

studied were, in fact, the hydrated analogues, Li3–xOHxCl.89 These hydrated

analogues are based on the Li3OCl structure, however, some of the lithium

ions are replaced by vacancies and the proton introduced is directly bonded

to an oxygen neighbouring the vacancy. Recent DFT studies have shown that

Li3OCl has a negative hydration enthalpy, suggesting it is difficult to synthesise

and confirming the hydroscopic nature of the system.48 Like the non-hyrdated

analogues, hydrated LiRAPs have also been shown to exhibit high ionic con-

ductivities that vary with composition.89

Although a number of studies have been completed for the hydrated

systems, the ion dynamics are believed to be quite complicated and are not yet

fully understood. This is likely related to the material’s complex structure. For

example, at present, there is considerabledebate regarding the low-temperature

structure of Li3–xOHxCl (0 ≤ G ≤ 1). Below ∼33 ◦C, the structure has been

reported to occupy the orthorhombic space group Amm2.49 However, recent

DFT studies indicate a tetragonal ground state structure for Li2OHCl, in which
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all of the OH– groups are aligned along the a-axis.48 A tetragonal structure has

also been reported for Li2.17OH0.83Cl viaXRD.Above∼33 ◦C, it is largely agreed

that Li3–xOHxCl is cubic, in space group Pm3̄m, and it is this cubic phase that

is associated with the reportedly high ionic conductivities.49

In recent years a number of techniques have been used to study this sys-

tem, including variable-temperature neutron diffraction, multinuclear solid-

stateNMR spectroscopy, andMD simulations. At present, it is believed that the

lithium-ionmigration is closely related to the position of the OH– group.48,49,90

In particular, rotation of the OH– group. For Li2OHCl, oxygen ions are coordi-

nated to four lithiums, one proton and a vacancy. The ground state structure

calculated via DFT calculations suggests that, at low temperatures, the protons

are ordered throughout the structure. However, MD simulations for the cubic

phase, suggest the OH– groups are randomly orientated. In fact, on closer

inspection, the OH– group is believed to point directly towards the lithium va-

cancy. As the temperature is increased and lithium ions begin tomove through

the structure via vacancy hopping, the OH– groups rotate to follow the lithium

vacancy. This is supported by multinuclear solid-state NMR spectroscopy.48

The precise proton content in Li3–xOHxCl is known to affect the ionic

conductivity.48,89 As the proton concentration is increased, the ionic conductiv-

ity increases. This is not surprising as additional lithium vacancies are being

introduced into the structure. However, computational studies suggest that the

proton concentration can be increased beyond G = 1 and that small concentra-

tions of water can be introduced whilst still increasing the ionic conductivity.48

However, very large proton concentrations, e.g., G = 2, are known to inhibit

lithium ion conduction.49 It must be noted that the introduction of protons into

the system would reduce the feasibility of using the system as solid electrolyte

materials in battery applications, asmost Li-ion batteries operate in aprotic con-

ditions.91 Hence, the precise composition of such systems needs to be carefully

evaluated and assessed with the specific applications in mind.
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Garnets

Lithium-stuffed garnets are a class of materials being developed as po-

tential solid electrolytes. These materials have structures based on a series of

orthosilicates. The garnet structure has the general formula A3B2C3O12, where

A, B, and C are eight-, six-, and four-coordinate sites, respectively. This struc-

ture can be thought of as a framework of corner-sharing BO6 octahedra and

CO4 tetrahedra with the A-site occupying dodecahedral holes (Figure 1.11).

This takes the cubic space group Ia3̄d. Unfortunately, lithium-containing gar-

nets, e.g., Li3Y3Te2O12 and Li3Nd3W2O12, have poor ionic conductivities,92,93

as all of the sites are fully occupied, including the tetrahedral lithium site. The

lithium-content of these materials can be increased to create lithium-stuffed

garnets, which have up to seven lithium ions per formula unit. However, these

lithium-stuffed garnets have more lithium than the already fully occupied C-

site can accommodate. As a result, lithium ions occupy what were distorted

octahedral vacancies within the structure (Figure 1.11).94 It is the occupancy of

these octahedral lithium sites that is thought to be responsible for lithium ion

conduction.93–95

Within the cubic structure, the octahedral lithium site is displaced by

its environment (Figure 1.11(c)). If both tetrahedral sites on either side of the

octahedral site are occupied then the octahedral site will be vacant. However,

if only one of the tetrahedral sites is occupied then the lithium ion on the

octahedral site will be displaced in order to avoid unfavourable lithium-lithium

interactions. This leads to lithium being disordered across three lithium sites

in the structure: the tetrahedral lithium site (Li1), the octahedral site (Li2), and

the displaced octahedral site (Li3).94,96

At present, there are two main lithium-stuffed garnets of interest. Those

with five and seven lithium ions per formula unit, e.g., Li5La3M2O12 (M = Nb,

Ta) andLi7La3Zr2O12 (LLZO), respectively.97,98 Both systems have a cubic phase

that readily conducts lithium ions. However, it has been discovered that pure
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Figure 1.11: The crystal structure of (a) the lithium-containing garnet
Li3Nd3W2O12

92 and (b) the lithium-stuffed garnet Li5La3Nb2O12.94 In each
case, the unit cell is denoted by a black dashed line. In (c), an expansion of
the lithium sites is shown, where lithium can be displaced onto the Li3 site
by the occupation of one neighbouring tetrahdedral site (Li1).

LLZO tends to crystallise in the tetragonal space group I41/acd at room tem-

perature. This structure then undergoes a phase transition to the cubic phase

at elevated temperatures.95,99 This tetragonal phase has a lower ionic conduc-

tivity (5.68 × 10−6 S cm−1 at 320 K) than the cubic phase (1.19 × 10−3 S cm−1

at 323 K).99 Computional studies suggest that the tetragonal structure has a

two-dimensional ion conduction pathway in the ab-plane. In constrast, the cu-
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bic structure allows faster three-dimensional ion migration.100 This preferable

cubic phase of LLZO can be stabilised at room temperature by the substitution

of cations onto the lithium site. In fact, the cubic structure was found to be

stabilised using small amounts of aluminium, believed to be introduced by

uncontrolled side reactions with the alumina crucibles used during synthesis.

In addition to this, the substitution of 3 Li+ ions with 1 Al3+ ion reduces the

lithium content. Due to the high lithium content of LLZO, seven lithium atoms

per formula unit, both the tetrahedral and octahedral lithium sites are highly

occupied. Hence, decreasing the lithium content introduces vacancies into the

structure which is believed to enhance the ionic conductivity.101

The migration of lithium through the garnet structure has been ex-

tensively studied, however, the exact migration pathway is still highly de-

bated. Solid-state NMR studies of Li3+xNd3Te2–xSbxO12 and Li5La3Nb2O12 by

O’Callaghan et al. and Van Wüllen et al. observe the fast motion of lithium

occupying octahedral sites but detect very little mobility for the tetrahedral

site.102,103 These results agree with a previously suggested pathway composed

of a network of edge-sharing octahedra.95 However, solid-state NMR experi-

ments performed for Li5La3Nb2O12 by Koch and Vogel suggest that the lithium

occupying the tetrahedral site is mobile, although less mobile than those on

the octahedral site.104 DFT studies on the series Li3–xLa3M2O12 (M =Te, Nb,

Zr) suggest that the lithiummigration pathway is affected by the concentration

of lithium. This is due to the redistribution of lithium within the structure

and variation in the tetrahedral and octahedral sites. In particuar, it is believed

that ion conduction can occur via both pathways. At low lithium concentra-

tion, G ≤ 2, the high energy route (oct-oct) is favourable but as the lithium

concentration increases the lower energy pathway (oct-tet-oct) opens up.105

A combination of reverse Monte-Carlo (RMC) and classical MD simulations,

paired with total scattering experiments, have also been used to investigate

the lithium-ion migration pathway in Li5La3Ta2O12. Such studies suggest that
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the lithium ions migrate via a oct-tet-oct pathway paired with large off-centre

displacements of lithium ions within the polyhedra. Unfortunately, a gener-

alised ion migration pathway couldn’t be determined, as variations in the local

structure and temperature are known to affect ion migration.106

Awide range of structural substitutions into lithium-stuffed garnets have

been investigated, which has led to a series of materials with increased ionic

conductivities. For the Li5La3M2O12 system, substitution onto the La- orM-site

can increase the lithium content and introduce additional lithium onto the oc-

tahedral site. Hence, compounds in the series Li5+xAxLa3–xM2O12 (A = Ca, Sr,

Ba, M=Nb, Ta) have been investigated.107–110 In the series Li5+xBaxLa3–xM2O12,

a maximum total ionic conductivity of 5 × 10−5 S cm−1, including grain bound-

ary contributions, is reached for G = 1.25.110 The series Li7–xLa3Zr2–xTaxO12 (G

= 0.5 - 1.5) has been investigated as an interesting alternative to the two parent

systems, Li5La3Ta2O12 and LLZO. In contrast to LLZO, this series crystallises

in a cubic structurewithout the need for stabilisation via compositional doping.

Initially, as G is increased to 0.5, there is little change in the ionic conductivity.

An increase in ionic conductivity is observed for larger tantalum content with

a maximum at G = 1. Beyond this, the ionic conductivity decreases. At G = 1,

the ionic conductivity reaches 2.6 × 10−4 S cm−1.111

Due to their low lithium intercalation voltage (∼ −1 V), Li5La3Ta2O12 and

Li7La3Zr2O12 are compatible with lithium metal anodes. Although the inter-

calation voltage of Li5La3Nb2O12 is predicted to be positive, the voltage is very

small (+0.07 V).112 This is promising, as few potential solid electrolyte mate-

rials offer this. Unfortunately, although it does not react with lithium metal,

recent studies show that lithium-stuffed garnets, including Li6La3TaZrO12 and

Li6.55Ga0.15La3Zr2O12, are susceptible to dendrite formation.40,113 Despite this,

a number of all-solid-state batteries containing LLZOand its variants have been

produced and tested. Recent studies have focused on improving the interfaces

within these all-solid-sate batteries. As a result, there has been an improvement
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in battery performance.114 Furthermore, recently, there have been a number of

studies investigating the stability of lithium-stuffed garnets in air. These studies

show that both Li5La3M2O12 and LLZO can undergo proton exchange,

Li5La3M2O12 + GH2O −−−→ Li5−GHGLa3M2O12 + G LiOH , (1.7)

in water or aqueous solutions. They can also react with CO2 in the air to form

a surface layer of lithium carbonate. Studies are currently underway to under-

stand the effect of these processes on the lithium-stuffed garnets performance

as a solid electrolyte. However, it is noted that precautions should always be

taken to avoid contactwith air during the preparation of all-solid-state batteries

utilising lithium-stuffed garnet electrolytes.115

1.5 Thesis Overview

Thework in this thesis is focused on the structural characterisation of two

potential solid electrolyte materials, Li5+2xLa3–xNaxM2O12 (M = Nb, Ta, G = 0 -

0.4) and Li2NiGe3O8, and understanding how their potential for ion mobility

is affected by their structure. Within these studies, the use of complementary

techniques has been essential. In addition to this work on solid electrolytes,

the structure of a potential negative electrode material, Sc2(WO4)3, has been

studied after electrochemical cycling against potassium.

Chapter 2 begins by exploring the principal characterisation methods

and physical property measurements that have been used in this work. This

includes a basic introduction to crystal structures, X-ray diffraction (XRD),

solid-state NMR spectroscopy, electrochemical impedance spectroscopy, and

muon spin relaxation (µSR) spectroscopy.

A detailed study into the substitution of sodium into lithium-stuffed gar-

nets is then presented in Chapter 3. Samples in the series Li5+2xLa3–xNaxM2O12

(M = Nb, Ta, G = 0 - 1) have been synthesised and characterised using PXRD
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and EIS. The bulk of this chapter explores how local structural techniques,

specifically solid-state NMR spectroscopy and µSR spectroscopy, can be used

to investigate the complex relationship between structure and ion mobility in

Li5+2xLa3–xNaxM2O12 (M = Nb, Ta, G = 0 - 0.4). This is combined with com-

plementary computational studies (DFT calculations and MD simulations) to

fully understand the effects of sodium-doping on the ionic conductivity.

In Chapter 4, solid-state NMR spectroscopy is used to investigate the

structure of Li2NiGe3O8, a potential solid electrolyte material for an all-spinel

all-solid-state Li-ion battery. The structural insight gained through solid-state

NMR spectroscopy, paired with complementary techniques, such as EIS and

µSR spectroscopy, provides additional information about the migration of

lithium ions through the structure leading to the identification of the con-

duction pathway.

Chapter 5 explores the potential of the negative thermal expansion ma-

terial Sc2(WO4)3 to be used as an electrode in potassium-ion batteries. Using

solid-state NMR spectroscopy, paired with PXRD studies, a Sc2(WO4)3 elec-

trode that has been electrochemically cycled against potassium has been stud-

ied to determine its potential for use as an intercalationmaterial in rechargeable

battery-related applications.

Chapter 6 brings together all of the work detailed above and provides

conclusions and potential areas for future work. Here, the work is discussed in

the context of the greater energy landscape and research direction.
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Chapter 2

Characterisation Methods and

Physical Property Measurements

2.1 Crystal Structure Determination

2.1.1 Crystal Structure and Symmetry

Many materials, including all of those investigated within this thesis, are

crystalline. A crystalline solid is defined as having atoms, ions, or molecules

arranged in a three-dimensional repeating pattern, meaning the structure and

symmetry of a material can be described by a single repeating unit called the

unit cell. From this unit cell, the entire structure can be obtained. The unit

cell is conventionally defined as the smallest repeating unit with the highest

symmetry. The edges of the unit cell are labelled a, b, and c with α, β, and γ the

angles between them. Collectively, these are known as the lattice parameters.

Based on the shape and symmetry of the unit cell, a material can be sorted

into one of the seven crystal systems listed in Figure 2.1. In some cases the

smallest possible unit cell, or primitive unit cell, is unable to describe the

symmetry and, instead, a larger, higher symmetry unit cell with centring may

be required. Specifically, primitive (P), body-centred (I), face-centred (F), and

base-centred (C) variants of the crystal systems make up the fourteen Bravais
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lattices (Figure 2.1).

To fully describe a crystal’s structure, more than simply the crystal sym-

metry and Bravais lattice is required. In contrast to single molecules, whose

symmetry elements all pass through the same point and can be described us-

ing a point group, crystals possess symmetry through space. This symmetry

is described using a space group. There are 230 possible space groups, each

containing a list of symmetry elements or symmetry operations that represent

the symmetry of the unit cell. A symmetry element, e.g., a mirror plane or axis

of rotation, relates one atomic position to another via a transformative process,

i.e., reflection or rotation. The six possible symmetry elements are listed in

Table 2.1. When acted upon by this list of symmetry elements, the asymmetric

unit produces all of the atoms, ions, or molecules within the unit cell.116–118

Detailed information regarding each space group can be found in the Interna-

tional Tables for CrystallographyVolumeA.119 Traditionally in crystallography,

Cubic
a=b=c     α=β=γ=90°

Primitive (P) Body-centred (I) Face-centred (F)

Tetragonal
a=b≠c     α=β=γ=90°

Primitive (P) Body-centred (I)

Orthorhombic
a≠b≠c     α=β=γ=90°

a b

c

a b

c

Primitive (P) Body-centred (I) Face-centred (F) Base-centred (A,B,C)

a
b

c

Trigonal
a=b=c     α=β=γ≠90°

Primitive (P)

Hexagonal
a=b≠c    α=β=90°   γ=120°

Primitive (P)

Monoclinic
a≠b≠c    α=β=90°   γ=120°

Triclinic
a≠b≠c     α≠β≠γ≠90°

Primitive (P)Primitive (P) Base-centred (C)

a
b
c

a
b

c

a
b

c

a

bc

Figure 2.1: A schematic representation of the seven crystal systems; cu-
bic, tetragonal, orthorhombic, hexagonal, trigonal, monoclinic, and triclinic,
alongside the fourteen Bravais lattices, each with their corresponding lattice
parameters.
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Table 2.1: A description of each of the six possible symmetry elements.

Symmetry
Element Notation Description

Identity 1
Translation of an atom by 1 in all di-
rections, producing identical atoms in
neighbouring unit cells.

Inversion − or¯
An inversion point at the origin that
transforms an atoms coordinates from
x, y, z to −x, −y, −z.

Mirror Plane m
Reflection of atoms in a mirror plane,
defined with respect to the axis per-
pendicular to the plane.

Rotation = (e.g., 2,
3, 4 ...)

=-fold rotation about an axis, defined
with respect to its parallel axis.

Screw Axis =< (e.g.,
41)

A =< screw axis combines a =-fold
rotation followed by a translation of
</= along that axis.

Glide Plane a, b, c, n,
or d

A glide plane combines a reflection in
a mirror plane and a translation of 1

2 .
For a-, b-, or c-glide planes the trans-
lation is along the a-, b-, or c- axis, re-
spectively. For n- and d-glide planes,
the translation of 1

2 occurs diagonally
across the face or body of the unit cell,
respectively.

space groups are labelled using the Hermann–Mauguin notation, one example

of which is the space group Ia3̄d. In this notation the first letter represents the

centring of the unit cell. This is followed by three symmetry elements with re-

spect to a, b, and c. For example, Ia3̄d has a body-centred lattice with an a-glide

plane perpendicular to the a-axis, a three-fold axis of rotation parallel to the

b-axis, a d-glide plane perpendicular to the c-axis, and a centre of inversion.116

For diffraction-based characterisation methods, including X-ray diffrac-
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tion, it can be useful to consider lattice planes. These are imaginary parallel

planes defined by the shape and dimensions of the unit cell. Each set of planes

is labelled by its Miller indices (ℎ:;). In order to assign Miller indices to a set

of planes, first the plane closest to the origin of the unit cell must be identified

and the fractional coordinates for the intersection of this plane with a, b, and c

are noted. The parameters ℎ, :, and ; are then the reciprocals ( GH =
H

G ) of these

fractions. For example, if the plane crosses a at 0.5, b at 0.5, and c at 1 then

it would have the Miller indices (221), as shown in Figure 2.2. The interpla-

nar spacing, or 3-spacing, is the perpendicular distance between two adjacent

planes.116,120

2.1.2 X-ray Diffraction

X-ray diffraction is a useful technique for determining the structure of a

crystalline solid as it is sensitive to long-range ordering. In general, a diffraction

pattern is produced by the interference of waves through a slit whose dimen-

sions are similar to the wavelengths of the waves used. To probe the spatial

arrangement of atoms in a crystalline solid, the wavelength of the radiation

must be similar to their interatomic distances (∼1 - 3 Å) that will act as slits.

a

b

c

1/2

1/2 1

O

d

Figure 2.2: An illustration of a unit cell with two (221) planes denoted in
purple. Here, the plane closest to the origin (denoted by O) intersects the
a-axis at 0.5, the b-axis at 0.5 and the c-axis at 1. The interplanar d-spacing is
shown in green.
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Due to their wavelengths, X-ray, electrons, and neutrons can be diffracted to

study a material’s structure but XRD is the most commonly used laboratory

technique due the ease of X-ray generation.

In a laboratory-basedexperiment, theX-raysgeneratedmust bemonochro-

matic and have a wavelength of approximately 1 Å. Most X-ray diffractometers

generate X-rays using a high-vacuum tube, where a beam of electrons are fo-

cused onto a flat metal anode, typically Mo or Cu. X-rays are then produced

via twomethods. A continuous spectrum, known as Bremsstrahlung radiation,

is produced as the incoming electrons loose energy as they are slowed by the

metal ions (Figure 2.3(b)). However, this is not very useful as it covers a wide

range of wavelengths with a low intensity. Instead, the radiation required for

diffraction experiments must be monochromatic. The more useful “character-

istic radiation” is the result of electrons being expelled from the atoms within

the metal. Specifically, an electron from the core shell (K-shell or n = 1) is

knocked out by the incoming electrons. An electron then falls from a higher

level (usually the L-shell or n = 2) to fill the vacancy and an X-ray is emitted

n = 1

n = 2

n = 3

K

L

M

K  1

K  2
K  1

(a)

In
te

ns
ity

Wavelength

(b)

Bremsstrahlung 
Radiation

K  1

K  2

K  

K  

Figure 2.3: A schematic representation of (a) the electron energy levels of
a metal atom and how Kα1, Kα2, and Kβ1 radiation is generated and (b) the
spectrum produced by an X-ray source. An expansion of the Kα is displayed
as an inset (right).
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with a wavelength corresponding to the difference in energy between the two

levels. Two rays, Kα1 and Kα2, are created by the transition of an electron

from the L- to K-shell. If the electron falls from the M-shell (n = 3), higher

energy Kβ radiation is produced (Figure 2.3). A combination of a filter and

a monochromator can be used to isolate the Kα1 radiation, as this is the most

useful radiation for diffraction. Nickel foil can be used to filter out the Kβ

radiation and most of the Bremsstrahlung radiation of a copper source. The

monochromator, often consisting of a single crystal of graphite, is then used to

select a specific wavelength of radiation.

During an XRD experiment, X-rays are directed towards the sample,

where they interact with the electron density within the crystal. Diffracted

radiation (reflections) is then detected using a moveable detector. Reflections

are observed when the diffracted radiation interferes constructively, i.e., the

radiation is in phase. For a crystal with long-range order, this can be described

using Bragg’s law:

23 sin(θ) = =λ (= = 1, 2, 3...). (2.1)

For a set of lattice planes, with interplanar spacing, 3, a reflection is observed

at an angular position θ for a specific wavelength λ and each order of diffrac-

tion =. Figure 2.4 illustrates the diffraction of two waves from two adjacent

lattice planes. In order to meet the conditions for constructive interference, the

difference in the distance travelled by the two waves must be a multiple of the

wavelength, λ.

The intensity of the reflections observed is related to the location of the

atoms in the structure and their scattering factor. An atom’s scattering factor,

5 , increases with the number of electrons and decreases with 2θ. The structure

factor, �ℎ:; , of a set of lattice planes (ℎ:;) describes the intensity and phase of

the associated reflection (�ℎ:; ≈ �2
ℎ:;

). It takes into account the scattering factor
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d

n 
 /2

d

V

V

V

V

Figure 2.4: A schematic representation ofX-rays being reflected from twopar-
allel planes (green). In order to interfere constructively, the difference in the
distance travelled by the two waves, shown in red, must be a multiple of the
wavlength, λ. The angle θ, λ, and the d-spacing are related trigonometrically
via the triangle shown in purple to give Bragg’s law.

of all of the atoms in the unit cell. This can be calculated using

�ℎ:; =

∞∑
9=1

59e−2πi(ℎG 9+:H9+;I 9) , (2.2)

where G 9 , H 9 , and I 9 are the fractional coordinates for an atom 9with a scattering

factor of 59 . The symmetry or centring of a unit cell can result in systematic

absences. This occurs when the symmetry of the crystal structure causes reflec-

tions to cancel each other out andhave zero intensity, despite beingpredicted by

Bragg’s law. This can be helpful in determining the space group or symmetry

of a unit cell.121,122

2.1.3 Powder X-ray Diffraction and Rietveld Refinement

For samples prepared via solid-state synthesis, where it can be difficult

to obtain a single crystal, powder X-ray diffraction experiments are preferred.

Polycrystalline samples are composed of millions of tiny crystals, each with a
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random orientation. As a result, all the lattice planes are represented simulta-

neously. When X-rays are directed at a polycrystalline sample, the diffracted

radiation leaves the sample in a series of concentric cones. Each cone makes an

angle of 2θ with the direction of the incoming beam, where θ is the angle pre-

dicted by Bragg’s law. During a PXRD experiment the detector is moved from

low 2θ outwards, taking a “slice” through the cones and allowing all possible

reflections to be observed at once. The intensity, measured in counts, is then

plotted, in arbitrary units, as a function of 2θ to obtain the PXRD pattern.

Originally proposed for powder neutron diffraction data in 1966, the

Rietveld method of structure refinement has allowed powder diffraction tech-

niques to become widely used for the characterisation of polycrystalline solids.

The presence of all reflections at once, often overlapping, can make it very

difficult to identify, extract, and fit individual peaks. However, the Rietveld

method enables the entire diffraction pattern to be compared against a theoret-

ical pattern generated for a particular structural model. The models used are

typically in the form of a crystallographic information file (cif), obtained from

the Inorganic Crystal Structure Database (ICSD).123

The Rietveld method is a least-squares minimisation, in which a theo-

retical structure is refined until a reasonable level of agreement is achieved

with the experimental powder pattern. This involves the refinement of various

parameters, including the lattice constants, background, thermal parameters,

and atomic positions. During the refinement the residual, (y, is minimised

until it does not change and a good fit is obtained. (y can be calculated using

(y =

∑
8

F8(H8 − Hc8)2 , (2.3)

where H8 and Hc8 are the measured and calculated values for each data point 8

and F8 = 1
H8
. Weighting the refinement using F8 is important to prevent high

intensity peaks from dominating the fit. The weighted residual factor, 'wp, is

used to determine the quality of the fit between the observed and calculated
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data. The goodness of fit (GOF) can also be used to judge the quality of the

refinement. 'wp and GOF are calculated using

'wp =

√∑
F8(H8 − Hc8)2∑
F8(H8)2

and (2.4)

GOF =

√∑
F8(H8 − Hc8)2
# − % , (2.5)

where # is the number of data points and % is the number of parameters

refined. As the refinement progresses, both 'wp and GOF will decrease as (y

is minimised.121,124,125

2.1.4 Structural Studies of Functional Materials

The symmetry of a material’s crystal structure is predominately deter-

mined via powder diffraction techniques. PXRD is typically performed using

laboratory diffractometers. However, in some cases, these lack the required

resolution to fully characterise the structure. In such cases, high-resolution

data is required, typically using either synchrotron X-ray or neutron radiation.

However, it is noted that the specific experiment chosen will always depend on

the material being investigated.

Structural studies of complex functional materials, such as solid elec-

trolytes, are often carried out using a number of complementary techniques,

for example, combining diffraction methods (both X-ray and neutron) with

solid-state NMR spectroscopy. XRD and ND both examine the long-range

order of a material, whilst solid-state NMR probes the local and short-range

structure. Combining these techniques provides greater insight into a mate-

rial’s structure than any one technique alone. This is demonstrated within the

context of this thesis and justifies the need for complementary characterisation

methods to be used.
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2.2 Solid-State NMR Spectroscopy

2.2.1 Introduction to NMR

Nuclear magnetic resonance spectroscopy is a versatile, non-destructive

technique that does not require a system to possess any long-range ordering

and can be used to study a wide range of materials. Most elements in the

periodic table have at least one naturally occurring isotope that can be probed

individually using NMR. Whilst solution-state NMR spectroscopy has become

relatively routine and common place in chemistry, NMR spectroscopy of solids

remains a relatively specialist technique. For functional inorganic materials,

e.g., solid electrolytes, probing the local structure via solid-state NMR can pro-

vide a better understanding of the functionality and physical properties of the

system. More specifically, as solid electrolyte materials often contain structural

defects and disordering, solid-state NMR can provide essential structural in-

formation regarding ion migration pathways and mechanisms. Furthermore,

solid-state NMR experiments can provide key information relating to any dy-

namicswithin the system,which cannot typically be probedusing conventional

diffractionmethods. Hence, the acquisition of high-resolution solid-stateNMR

spectra can be vital in gaining a comprehensive understanding of the function-

ality of these materials.126

2.2.2 Nuclear Magnetisation

Each nucleus has an intrinsic spin angular momentum, I, and a spin

quantum number, �. This quantum number is determined by the number of

unpaired nucleons present in the nucleus and is either zero or a positive integer

or half-integer. The magnitude of the spin angular momentum is quantised as

it can only possess values given by

|I| = ℏ
√
�(� + 1) . (2.6)
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Hence, I can be represented as a vector with 2�+1 allowed spin states projected

onto an arbitrary z-axis. These states are quantised such that

�I = <�ℏ , (2.7)

where <� is the magnetic quantum number with values ranging from −� to �

in integer steps. When � = 0, the nucleus has no angular moment, no magnetic

moment, and is, therefore, NMR silent. When � > 0, the magnetic dipole

moment, µ, of nucleus is given by

µ = γI , (2.8)

where γ is the gyromagnetic ratio of the nucleus. This is a vector that describes

the magnetic dipole of the nucleus and its inclination to interact/align with a

magnetic field. If γ is positive then µ and I are parallel and if it is negative they

are anti-parallel.

In the absence of an external magnetic field, the 2� + 1 spin states are

degenerate in energy. However, when an externalmagnetic field,B0, is applied,

this degeneracy is removed (Figure 2.5). As a result, the spin quantisation axis is

no longer arbitrary but, instead, aligned in the direction of the applied external

magnetic field such that

� = −γ<�ℏ�0 = −µz�0 , (2.9)

where � is the energy of the nucleus, µz is the projection of the magnetic dipole

moment onto the z-axis, and �0 is the applied magnetic fieldstrength. This

splitting of the energy levels is known as the Zeeman interaction. In NMR

spectroscopy, observable transitions are limited to adjacent energy levels and

defined by the selection rule∆<� = ±1 (Figure 2.5). The energy of this transition
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is given by

∆� = −γℏ�0 , (2.10)

and the frequency of the transition is given by the Larmor frequency, ω0,

ω0 = −γ�0 . (2.11)

Provided the sample is at thermal equilibrium, there will be a slight excess of

spins in the lowest energy level of the 2� + 1 states, according to the Boltzmann

distribution. This gives rise to a net or bulk magnetisation, M0, aligned with

the external magnetic field.

2.2.3 The NMR Experiment

For the duration of a NMR experiment, the sample is placed in an ex-

ternal magnetic field inducing a bulk magnetisation, the magnitude of which

is dependant on the fieldstrength. In order to increase the energy difference

mI = −1/2

mI = +1/2

mI = −1

mI = 0

mI = +1

mI = −1/2

mI = +1/2

mI = −3/2

mI = +3/2

(a) (c)(b)

     0

     0

     0

     0

     0

     0

Figure 2.5: An illustration of the effect the Zeeman interaction has on the
2I+1 spin states when an external magnetic field, B0 is applied to (a) I = 1/2,
(b) I = 1, and (c) I = 3/2 nuclei.
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between states and, hence, the population difference, NMR spectrometers with

high fieldstrengths are often chosen, typically ranging from 7.1 to 28.2 T with

the corresponding Larmor frequency in the radiofrequency (rf) range. This

means the NMR observable transition, ∆<� = ±1, can be excited using rf radi-

ation.

The first NMR experiments were carried out using the continuous wave

(CW)method, where rfwas continuously applied and swept across a frequency

range whilst acquiring the NMR signal orthogonally. The development of

pulsed NMR methods, however, has changed the way in which NMR experi-

ments are undertaken. Pulsed NMR methods have reduced acquisition times

and enabled the design of useful pulse sequences.

The Vector Model

During aNMR experiment, a short intense pulse of rf radiation is applied

to the sample in the presence of an external magnetic field. This pulse has a

frequency, ωrf, close to the Larmor frequency, ω0. The vector model, in which

the bulkmagnetisation is represented as a vector, is used to describe the system

and its behaviourduring an experiment. It is noted that,whilst thevectormodel

can be extremely useful for understanding basic NMR experiments, it has its

limitations. For example, the vectormodel cannot be used to describemultiple-

quantum magic-angle spinning experiments (vide infra). In real space, known

as the laboratory frame of reference, M0 precesses around B0 at an angular

frequency ω0. However, the interaction of this with the applied rf pulse is

extremely difficult to visualise in this frame of reference. Instead, it is easier to

consider the vector model in the rotating frame.127 In this frame of reference,

the z-axis remains aligned with B0 but rotates at frequency ωrf. As a result, M0

can be depicted as a vector precessing around the magnetic field at frequency

Ω,

Ω = ω0 − ωrf . (2.12)
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The applied rf pulse, with strength �1 and duration τp, excites all of the

spins simultaneously. In the rotating frame, this can be described as a static

field, B1, which causes the nutation of M0. The rf pulses applied are described

by a flip angle, β,

β = ω1τp , (2.13)

where ω1 = −γ�1. This is the angle through which M0 nutates during the

pulse (Figure 2.6). Pulses are represented using the notation βφ, where φ is

the direction of B1 in the rotating frame. The most commonly applied pulses

have β = 90°, where magnetisation is transferred into the xy-plane, or β = 180°,
where the magnetisation is inverted. A positive rotation is anticlockwise about

the given axis. For example, after a 90x pulse, magnetisation that started along

the z-axis now lies along the −y-axis. Once the pulse is removed, M0 precesses

at frequency Ω and returns to equilibrium via relaxation processes. Figure

x

y

z

B1
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z

90x
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n

   = 90° 
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Figure 2.6: A schematic representation of the pulse sequence for a single
pulse experiment repeated n times. A, B, andCdemonstrate the behaviour of
thebulkmagnetisationvector,M0 in the vectormodel during the experiment.
The system is initially at thermal equilibrium (A). Themagnetisation is then
transferred into the xy-plane via the application of a pulse, with strength
B1, along the x-axis (B). The magnetisation then precesses in the xy-plane at
frequency Ω (C).
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2.6 shows the pulse sequence for a single pulse experiment with illustrations

describing the manipulation of the bulk magnetisation in the vector model.

Initially, the system starts at thermal equilibrium (A). The magnetisation is

then transferred into the xy-plane by the application of a 90x pulse (B), where

it then precesses (C) before returning to equilibrium via various relaxation

processes (vide infra).

Relaxation

In NMR spectroscopy, there are two main relaxation processes; spin-

lattice and spin-spin relaxation. The return of spins to thermal equilibrium is

known as spin-lattice relaxation and is described by )1, the longitudinal time

constant. In the vector model, this relaxation can be seen as M0 realigning

with B0 (Figure 2.7(a)). Spin-spin relaxation is the loss of magnetisation from

the xy-plane due to slow chemical exchange via the interactions between spins

(Figure 2.7(b)). This is described by )2, the transverse time constant. Spin-spin

relaxation is responsible for the decay of signal, which is measured in the xy-

plane with time. In solid-state NMR spectroscopy, )1 is often much greater

than )2.126,128

(a)

(b)

Mz
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Mx

t

My

t

Figure 2.7: A schematic representation of the effect of (a) spin-lattice relax-
ation on the z-component of the magnetisation and (b) spin-spin relaxation
on the x- and y-components of the magnetisation.
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The Free Induction Decay and Fourier Transformation

As M0 relaxes and the system returns to thermal equilibrium, detectors

in the xy-plane detect the x and y components of the decaying magnetisa-

tion. This is a time-dependant signal (((C)) known as the free induction de-

cay (FID). The frequency of this signal is determined by Ω and is dampened

by the relaxation processes. When Fourier transformed, the FID produces a

frequency-dependant spectrum (((ω)), as illustrated in Figure 2.8.

During a basic Fourier transformation, the time-dependant signal is de-

convoluted into its component frequencies. This is simple when the FID con-

tains a single frequency, as the spectrum will have a single sharp peak. How-

ever, in practice, FIDs are often composed of multiple signals with various

frequencies and intensities. In addition to this, the FID does not oscillate in-

definitely, but instead decays due to spin-spin relaxation. This decay results in

a broadening of the lineshapes observed in the spectrum. )2 is related to the

width of the lineshape or full width at half maximum (FWHM) by

FWHM =
1

π)2
. (2.14)

Hence, for a species that relaxes quickly and has a short )2, the correspond-

ing lineshape is broad. A simple Fourier transformation can be carried out

using,129,130

((ω) =
∫ ∞

0
((C)e−iωCdC . (2.15)

In order to obtain spectra with a good signal-to-noise ratio, experiments

are repeated multiple times and the resulting FIDs are added together before

being Fourier transformed. This averages out random noise within the data.

For N experiments, the signal-to-noise ratio increases with
√

N. Unfortunately,

there is a limit to how frequently you can apply a pulse, as the system should

be fully relaxed before the next pulse is applied. This is known as the recycle
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Figure 2.8: A schematic represeantation of the Fourier transformation of a
time-dependant FID containing a single frequency to a frequency-dependant
spectrum.

interval. For systems that relax quickly, the recycle interval is short but if

a system relaxes slowly the recycle interval will increase the length of the

experiment significantly.

Refocusing Magnetisation

During a standard single pulse NMR experiment, it is impossible to

acquire the whole FID, owing to the delay between the end of the pulse and

the start of the acquisition period, called the “dead time”. As pulses are not

perfectly rectangular, there is a decaying “tail” that can be acquired if this delay

is too short. In addition to this, as the same circuitry is used for both the high

voltage rf production and low voltage rf detection, a “ringing” can be observed

during the dead time. As the acquisition period cannot begin immediately

after the end of the pulse, some data at the beginning of the FID will be lost

(Figure 2.9(a)). This is particularly important because the first part of the FID

contains valuable information, especially when the species under investigation

relaxes quickly or when spectra exhibit broad lineshapes. To overcome this,

experiments using an echo pulse sequence, e.g., a Hahn-echo, can be used.

These experiments enable the entire FID to be acquired.

During a Hahn-echo experiment,131,132 an initial 90x pulse is applied,

followed by a 180y pulse after a delay, τ, as illustrated in Figure 2.9(b). The

illustrations denoted A - F in Figure 2.9(b) describe the behaviour of the bulk

magnetisation (green) and the spins (blue) during the course of the experiment.
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Figure 2.9: Schematic representations of the pulse sequences for (a) a single
pulse and (b) a Hahn-echo experiment. In (b), the manipulation of the bulk
magnetisation (green) and spins (blue) at the different stages of a Hahn-echo
experiment are also shown and denoted A - F. In (a) and (b), an illustration
of the corresponding “dead time” has also been denoted.

During the first pulse, the bulk magnetisation is transferred into the xy-plane

(B). During the echo delay, τ, the bulk magnetisation will start to return to

thermal equilibrium (spin-spin relaxation) and there will be a “dephasing”

and loss of magnetisation from the xy-plane owing to spin-lattice relaxation

(C). To minimise the loss of signal due to spin-lattice relaxation, echo delays
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are often relatively short, e.g., 100 µs. After the echo delay, the magnetisation

is inverted by the 180y pulse, i.e., the magnetisation is rotated 180° about the y-
axis (D). After the application of the second pulse the system continues to relax

and precess until themagnetisation in the xy-plane is aligned along the−y-axis

(E), i.e., the magnetisation is refocused. Hahn-echo experiments are used for

a variety of systems, in particular it can be used to overcome the broadening

introduced by the various nuclear interactions present in the system.133

2.2.4 Nuclear Interactions

There are many interactions that influence the appearance of NMR spec-

tra. As previously discussed, the most dominant interaction is the Zeeman

interaction. However, interactions between individual spins and their local

environment or other neighbouring spins also contribute to the overall appear-

ance of the spectrum.

All interactions in NMR spectroscopy can be described using a Hamilto-

nian, Ĥ, with the general form,

Ĥ = I · R · X , (2.16)

Ĥ = (�x�y�z)

©«
'xx 'xy 'xz

'yz 'yy 'yz

'zx 'zy 'zz

ª®®®®®¬
©«
-x

-y

-z

ª®®®®®¬
, (2.17)

where I is the spin angular momentum operator, R is a second-rank Cartesian

tensor defining the interaction, andX is either a second spin or amagnetic field.

The Hamiltonian for any given nucleus, Ĥ, can be described as a combination

of Hamiltonians,

Ĥ = ĤZeeman + ĤRF + ĤCS + ĤD + ĤJ + ĤQ , (2.18)

where ĤRF is the Hamiltonian for the interaction of the spins with the ap-
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plied rf pulse, ĤCS describes the chemical shielding, ĤD corresponds to the

dipolar interaction, ĤJ describes scalar interactions, and ĤQ corresponds to the

quadrupolar interaction.134 In many cases, it can be convenient to describe an

interaction within a specific frame defined by the magntiude and shape of the

interaction itself, known as the Principal Axis System (PAS).135 In this frame of

reference, all the off-diagonal elements of the tensor R are zero, i.e.,

RPAS =

©«
'xx 0 0

0 'yy 0

0 0 'zz

ª®®®®®¬
. (2.19)

Here, 'xx, 'yy, and 'zz lie along the xPAS-, yPAS-, and zPAS-axis, respectively.

2.2.5 Chemical Shift Anisotropy (CSA)

Due to the local environment of a nucleus, the field experienced by a

nuclear spin differs from B0. The applied magnetic field causes the electrons

around a nucleus to circulate, inducing a small internal field, B′. The strength

of the field experienced by the nucleus, �, is related to �0 via the shielding

parameter, σ,

� = �0 − �′ = �0(1 − σ) . (2.20)

B′ can either shield or de-shield a given nucleus by opposing or augmenting the

applied field. As a result, the resonance frequency of the individual nucleus

differs from the Larmor frequency such that

ω
′
0 = −γ�0(1 − σ) . (2.21)

As the absolute frequency is dependant on the applied field of the spec-

trometer, NMR spectra are plotted in terms of the chemical shift, δ. This is a

dimensionless unit, measured in parts per million (ppm), that measures the
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frequency of theNMR signalwith respect to that of a referencematerial, ωref,136

δ = 106 ω − ωref
ωref

. (2.22)

The reference is selected for each NMR active nucleus, e.g., for 13C the stan-

dard is tetramethylsilane (TMS). Conventionally, NMR spectra are plotted with

δ increasing from right to left, such that more shielded nuclei (and higher

frequencies) are on right.

In reality, electrons are not spherically distributed around a nucleus and,

as a result, the shielding is orientationally-dependant or anisotropic. The

shielding tensor, σ, is used to describe this interaction and the Hamiltonian

is given by137

ĤCS = I · σ · γB0 . (2.23)

Themagnitude of the externalmagnetic field, and thus the Zeeman interaction,

is much larger than that of the internal interactions. As a result, the Hamil-

tonians for the internal interactions can be approximated using the secular or

high-field approximation, meaning internal interactions can be treated as per-

turbations of the Zeeman interaction.134 In the case of the chemical shielding

interaction, the Hamiltonian can be approximated to

ĤCS = �zσzzγ�0, (2.24)

when B0 is defined to be along the z-axis.

When the shielding tensor is expressed in the PAS, the tensor can be

represented as an ellipsoid (Figure 2.10(a)) with principal components σ11, σ22,

andσ33. It can also be described using theHerzfeld-Berger convention.138 Here,

the shielding tensor is described by the isotropic shielding,

σiso =
(σ11 + σ22 + σ33)

3 , (2.25)
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the span, Ω,

Ω = σ33 − σ11 , Ω ≥ 0 , (2.26)

and the skew, κ,

κ =
3(σiso − σ22)

σ33 − σ11
, − 1 ≤ κ ≤ 1 . (2.27)

It is noted that there are a variety of different conventions that can be used to

describe the CSA interaction.139 However, for consistency, within this thesis the

Herzfeld-Berger convention will be used.
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Figure 2.10: (a) A schematic representation of the shielding tensor in the
PAS, where σ11, σ22, and σ33 are the principal components of the tensor, and
its orientation within the laboratory frame, i.e., relative to B0. Simulated
CSA lineshapes for a I = 1/2 nucleus with δiso = 100 ppm, Ω = 750 ppm, and
κ = 0.3, 1, and −1 are shown in (b), (c), and (d), respectively.
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To describe the shielding tensor in the laboratory frame and relative to the

applied magnetic field, two angles θ and φ are required (Figure 2.10(a)). Here,

the angle θ describes the angle of the PAS relative to �0, whilst φ characterises

the angle of the xy-plane of the PAS relative to the laboratory frame. In order

to convert between the laboratory frame and the PAS, a rotation is required.

The angular dependance of the chemical shielding is highlighted in the σzz

component of the shielding tensor, given by137

σzz = σiso +
1
2(σ33 − σiso)[(3 cos2

θ − 1) + σ22 − σ11
σ33 − σiso

sin2
θ cos 2φ)] . (2.28)

When in solution, rapidmolecular tumbling averages the chemical shield-

ing to its isotropic value, σiso. In contrast, when in the solid state, the full extent

of the CSA is observed, as the packing in solids restricts motion. As a result,

very broad lineshapes are typically observed in solid-state NMR spectra. Pow-

ders are composed of thousands of crystallites, eachwith a different orientation

with respect to the applied magnetic field. As a result, the chemical shifts for

all possible orientations are observed in a broad “powder pattern” lineshape,

the shape of which is determined by the CSA parameters, σ11, σ22, and σ33. Us-

ing the Herzfeld-Berger convention, Ω describes the breadth of the lineshape

whilst κ describes its shape. Examples of how the lineshape can vary with κ

are shown in Figure 2.10(b-d).

2.2.6 Dipolar Couplings

When two nuclei, and thus two nuclear spins, are in close proximity

to each other they will interact. The dipolar interaction, or dipolar cou-

pling, is a through-space interaction that occurs when the localised magnetic

field produced by a nucleus’s nuclear magnetic dipole moment, µ, interacts

with the dipole moments of nearby nuclei. Like the CSA, this interaction is

orientationally-dependant and is, therefore, highly dependant on the relative
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position of the two spins. In solution, this interaction is averaged to zero by

rapid molecular tumbling. This is because the dipolar tensor, D, has no asym-

metry and does not have an isotropic component.140 It is, however, observed

in the solid state, where it results in the broadening of lineshapes up to many

kHz.

The Hamiltonian describing the dipolar interaction between two spins,

� and (, can be expanded into a number of orientationally-dependant terms.

However, as with the CSA, a secular approximation can be used to simplify

each Hamiltonian, giving140

� ≠ (: ĤD = −µ0
4π

γ�γ(ℏ

A3
�(

(2��z�(z)
(3 cos2 θ − 1)

2 , (2.29)

and

� = (: ĤD = −µ0
4π

γ�γ(ℏ

A3
�(

(3��z�(z − IIIS)
(3 cos2 θ − 1)

2 , (2.30)

for heteronuclear and homonuclear dipolar interactions, respectively, where

A�( is the internuclear distance between the two spins (� and (), θ is the angle

between the internuclear vector and �0 (Figure 2.11(a)) and µ0 is the vacuum

permeability (4π × 10−7 H m−1).

For an isolated set of spins, or in a single crystal where all the dipolar

tensors are the same, the signal is split into a doublet. This doublet originates

from the energy levels of a two spin system. Each nucleus with spin � = 1/2,

will be in one of two possible states,<� = 1/2 or<� = −1/2. Traditionally, these

are labelled α and β, respectively. When there are two such nuclei in the system

of interest, which can be in either state, there are four possible configurations:

αα, αβ, βα, and ββ. These correspond to four possible energy levels. The

selection rule for each transition is given by ∆" = ±1, where

" = <� + <( . (2.31)

This corresponds to a “flip” of one spin from α to β or β to α whilst the other
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Figure 2.11: A schematic representation of (a) the dipolar tensor, where rIS

is the distance between the spins I and S and θ is the angle between the
internuclear vector and B0. The energy level diagram for two spins, I (green)
and S (purple), in (b) a heteronuclear and (c) a homonuclear system with the
two transitions observed for each spin, I and S, shown in green and purple,
respectively. In (a) and (b) the corresponding single crystal NMR spectra.

remains the same. As a result, there are four observable transitions, two for each

spin. These are denoted as green (I) and purple (S) transitions in Figure 2.11(a)

and (b). Hence, if one of the two spins is considered, the single transition,

observed if it was isolated, is split into two.

Hence, for a single crystal, spectra contain a sharp doublet for each nu-

cleus. The width of this doublet is proportional to the dipolar splitting param-

eter,

ωD = ω
PAS
D
(3 cos2 θ − 1)

2 , (2.32)

which is orientationally-dependant. When in the PAS, the dipolar splitting

parameter is given by

ω
PAS
D = −µ>

4π

γ�γ(ℏ

A3
�(

. (2.33)

Specifically, for heteronuclear interactions this doublet is separated by 2ωD,

whilst for homonuclear interactions it is separated by 3ωD, as shown in Figures

2.11(b) and (c), respectively.
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Within a polycrystalline or powdered sample, all possible orientations,

and thus values of θ, are represented at once. This results in a “Pake doublet”

lineshape being observed, as demonstrated in Figures 2.12(a) and (b).141 A

“Pake doublet” is composed of two subspectra, one for each transition, shown

inblue and red in Figure 2.12. The range of frequencies coveredby the lineshape

are a consequence of the anisotropy. The breadth of each lineshape is 2ω
PAS
D

and 3ω
PAS
D for heteronuclear and homonuclear interactions, respectively, as the

ends correspond to crystallites with orientations such that θ = 0°. The “horns”
of the lineshape correspond to θ= 90° and are separated byω

PAS
D and 1.5ω

PAS
D for

heteronucelar and homonucelar interactions, respectively. A higher intensity

is observed for frequencies when θ = 90°, as there are many more potential

ways for two spins to adopt this orientation (Figure 2.12(a)). In reality, most

solids contain dipolar interactions between more than just two isolated spins.

As a result, there is a distribution of both A�( and θ represented at once. In such

cases, a Gaussian lineshape is typically observed, which, unfortunately, often

(a)

δ (ppm)

(b)

2ωD
PAS

ωD
PAS

δ (ppm)

3ωD
PAS

1.5ωD
PAS

θ = 0°

B0

B0

θ = 90°θ = 90°

θ = 0°

Figure 2.12: A schematic representation of the “Pake doublet” lineshape
resulting from all possible orientations being represented for a powdered
sample at once, simulated for (a) heteronuclear and (b) homonuclear interac-
tions. The lineshape is made up of two components (blue and red), for each
of the two allowed transitions. The high intensity “horns” of the pattern cor-
respond to θ = 90°, which has more possible orientations than θ = 0° which
results in the “foot”. The inset in (a) illustrates two possible orientations.
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leads to a loss in resolution and masking of the main or distinct features of the

lineshape, thereby making analysis of the lineshape quite challenging.

2.2.7 Scalar Couplings

In addition to direct dipolar couplings, two neighbouring spins can also

interact via shared electron density. These are scalar couplings, also known as

J-couplings. For two spins sharing a bond, the Hamiltonian is given by142

ĤJ = 2πI · J · S , (2.34)

where J is the tensor describing the interaction. As with the other nuclear in-

teractions, the Hamiltonian for heteronuclear J-couplings can be approximated

to

ĤJ = 2π�z�(z , (2.35)

where � is the isotropic scalar coupling constant,

� =
�xx + �yy + �zz

3 . (2.36)

The scalar coupling is much smaller than the other interactions, only a few tens

of Hz. Hence, in the systems of interest in this thesis, this interaction is not

typically observed, as they are dominated by the other, much larger anisotropic

interactions present. In solution-state NMR spectra, where anisotropic interac-

tions have been averaged to their isotropic values, the splitting patterns caused

by J-couplings can dominate spectra and provide valuable structural informa-

tion regarding connectivity.

2.2.8 Magic-Angle Spinning (MAS)

Anisotropic interactions that give rise to significant line broadening can

make it challenging to extract useful structural information from solid-state
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NMR spectra. Hence, a method capable of removing this line broadening and

enabling that structural information to be extracted is needed. Magic-angle

spinning (MAS) is amethod of suppressing anisotropic interactions.143–145 Dur-

ing a MAS experiment, the sample is rotated rapidly around an axis 54.736°
relative to the external magnetic field (Figure 2.13). This artificially induced

motion can average out the orientationally-dependant terms of anisotropic in-

teractions, leaving just the isotropic component.

As discussed earlier, both the CSA and dipolar interactions contain terms

proportional to 3 cos2 θ − 1 that are anisotropic. When θ = 54.736°, this term
is equal to zero. For powdered samples, however, it is impossible to orient

all crystallites such that θ = 54.736°. Hence, in order to successfully average

anisotropic interactions in powdered samples, theymust be spun quickly about

this axis. To fully average an anisotropic interaction to its isotropic value, the

speed at which the sample is spun, or MAS rate, must be equal to or greater

than the magnitude of the interaction being removed. To implement MAS

methods, samples are packed into rotors and spun by applying compressed

air. The MAS rate is determined by the size of the rotor. For example, rotors

with an outer diameter of 4 mm can be spun at MAS rates of up to 12 kHz,

whilst 1.3 mm rotors can be spun at 67 kHz. Hence, the smaller the rotor the

faster the MAS rate. At present, MAS rates of up to 111 kHz are feasible and

B0

   R

θ

Figure 2.13: A schematic representation of a sample within a rotor being
spun at the magic-angle, θ= 54.736°. νR indicates the MAS rate.
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commercially available.

If the MAS rate is not fast enough to fully suppress the anisotropic inter-

action being removed, the lineshape will be a manifold of spinning sidebands,

denoted by * and separated from the centreband by intervals of the MAS rate.

The position of the centreband is not affected by the MAS rate, as illustrated

in Figure 2.14. Typcially, both CSA and heteronuclear dipolar interactions can

be averaged to their isotropic values using MAS methods, as they are on the

order of tens of kHz. However, homonuclear dipolar couplings are typically
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Figure 2.14: Simulated MAS NMR spectra for a spin I = 1/2 nucleus with
δiso = 100 ppm, Ω = 750 ppm, and κ = 0.3 at MAS rates of (a) 0, (b) 5, (c) 15,
and (d) 25 kHz. Spinning sidebands are denoted by *.



70 Chapter 2. Characterisation Methods

much greater (up to 105 Hz) and, therefore, require very fast MAS rates. In

such cases, alternative methods, such as decoupling techniques, can be used to

remove these interactions.126 Overall, MAS experiments significantly improve

the resolution of solid-state NMR spectra and enable the extraction of useful

structural information, e.g., the number of distinct sites and the corresponding

NMR parameters.

2.2.9 Quadrupolar Interactions

Approximately 75% of the NMR active nuclei in the periodic table are

quadrupolar, meaning they have � > 1/2. As a result, the spectra of such nuclei

are often dominated by the quadrupolar interaction, which can be many MHz

in magnitude. This results in the anisotropic or inhomogenous broadening of

the lineshapes observed.

In addition to a magnetic dipole moment, quadrupolar nuclei possess an

electric quadrupole moment, 4&, which is constant for a given nuclear species,

e.g., for 2H, 4& = 0.286 fm2. This electric quadrupole moment interacts with

the local electric field gradient (EFG) generated by the electron density of

atoms in the sample, resulting in the quadrupolar interaction. Coordinating

atoms are known to have the greatest contribution to the EFG. Hence, if a

quadrupolar nucleus is in a perfectly symmetrical environment, the electric

field will be uniform and there will be no EFG. As a result, such a nucleus

would have no net quadrupolar interaction. However, in reality, nuclei are

unlikely to experience no EFG. For highly symmetrical environments with a

small EFG, e.g., octahedral sites, the quadrupolar interaction is small. For nuclei

in lower symmetry environments, e.g., square planar coordinated atoms, the

EFG experienced is greater and, thus, the interaction is larger. Despite being a

large dominant interaction, in most cases, the quadrupolar interaction remains

smaller than the Zeeman interaction and can be treated as a perturbation of the

Zeeman energy levels.126
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The Hamiltonian for the quadrupolar interaction is given by,146

ĤQ =
4&

2�(2� − 1)ℏI ·V · I, (2.37)

where the EFG tensor at the nucleus is V. As this interaction is orientationally-

dependant, it can be useful to describe it in the PAS. It is noted that, like

the dipolar tensor, the EFG tensor has no isotropic component and, thus, is

averaged to zero in solution. In its PAS, the EFG can be described using three

principal components; +xx, +yy, and +zz. The magnitude of the EFG tensor is

given by 4& = +zz and its asymmetry is described by

ηQ =
+xx −+yy

+zz
, 0 ≤ ηQ ≤ 1 . (2.38)

When expressed in the PAS, the Hamiltonian is simplified to

ĤQ =
342@&

4�(2� − 1)ℏ[�
2
z −

1
3 �(� + 1) +

ηQ

3 (�
2
x − �2y)] , (2.39)

where 4@ is the EFG present at the nucleus. The magnitude of the quadrupolar

interaction is given by the quadrupolar coupling constant, �Q, in Hz,

�Q =
4&+zz
ℎ

. (2.40)

The quadrupolar interaction can be described more accurately by first-

and second-order contributions, such that

Ĥ
full
Q = Ĥ

1
Q + Ĥ

2
Q + · · · , (2.41)

where Ĥ
1
Q and Ĥ

2
Q are the first- and second-order quadrupolar Hamiltonians.

When the quadrupolar interaction is relatively small, a first-order approxima-

tion is sufficient todescribe its effects on the resultingNMRspectrum. However,

in many cases, this interaction is very large and a second-order approximation
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is required.142

First-Order Quadrupolar Interactions

The effect of the quadrupolar interaction, to a first-order approximation,

is to perturb the energy levels resulting from the Zeeman interaction such that

it breaks the degeneracy of the transitions. This results in 2� transitions equally

spaced by 2ωQ, where ωQ is the quadrupolar splitting parameter given by146

ωQ =
ω
PAS
Q

2 [(3 cos2
θ − 1) + ηQ(sin2

θ cos 2φ)] , (2.42)

where θ and φ define the orientation of the EFG PAS relative to B0 and

ω
PAS
Q =

3π�Q

2�(2� − 1) . (2.43)

An example of this perturbation is shown in Figures 2.15(a) and (b) for � = 1

and � = 3/2 nuclei, respectively. In the presence of an external magnetic field,

the Zeeman interaction creates two and three degenerate transitions for � = 1

and � = 3/2, respectively (vide supra). The first-order quadrupolar interaction

breaks this degeneracy.

For nuclei with half-integer spins, e.g., � = 3/2, the central transition

(CT) remains unaffected by the first-order quadrupolar interaction, produc-

ing a sharp resonance in the centre of the spectrum with frequency ω0. The

other transitions or satellite transitions (ST) create lower intensity peaks with

frequencies dependant on ωQ. For nuclei with integer spins, e.g., � = 1, no

such central transition exists. As a result, all the transitions have frequencies

dependant on ωQ. These differences are highlighted in Figures 2.15(c) and (e),

respectively.

For powdered samples, which contain many tiny crystallites, each of

which is orientated differently with respect to B0, a broad “powder” pattern

is observed (Figure 2.15(d) and (f)). This is a result of the orientational de-
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Figure 2.15: A schematic representation of the first-order perturbation of the
Zeeman interaction by the quadrupolar interaction for nuclei with (a) I = 1
and (b) I = 3/2. Also shown are illustrations of the NMR spectra expected
for (c) a single crystal and (d) a powdered sample with I = 1, and (e) a single
crystal and (f) a powdered sample with I = 3/2.

pendence of ωQ. The breadth and shape of the lineshape are dictated by �Q

and ηQ, respectively. Hence, the lineshape can provide information about the

quadrupolar parameters and, thus, the local environment of the nucleus.147

Examples of how the powder pattern lineshapes for a spin � = 1 nuclei vary

with ηQ are shown in Figure 2.16.
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(a) (b) (c)

(d) (e) (f)

Figure 2.16: Simulated static powder pattern lineshapes for a spin I = 1
nucleus with CQ = 10 kHz and ηQ = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, and (f)
1.0.

Removal of First-Order Quadrupolar Interactions

Large inhomogenous broadenings can occur for quadrupolar nuclei as a

result of the quadrupolar interaction for static samples. Removing or suppress-

ing this interaction in order to acquire high-resolution spectra is, therefore,

highly advantageous. As seen in Equation 2.42, the first-order quadrupolar

interaction is dependant on 3 cos2 θ − 1. Hence, as with the dipolar and CSA

interactions,MAS experiments can be used to average the first-order quadrupo-

lar interaction to its isotropic value. However, as discussed earlier, in order to

fully average an interaction, the MAS rate needs to be equal to or greater than

the magnitude of the interaction. Unfortunately, quadrupolar interactions are

typically many MHz, which are too large to feasibly remove using MAS. For a

quadrupolar nucleus with integer spin, if the MAS rate is not fast enough, the

spectrum is broken up into a manifold of spinning sidebands. For a quadrupo-

lar nucleuswith half-integer spin, as only the satellite transitions are broadened
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by the first-order quadrupolar interaction, only the satellite transitions are bro-

ken up into a manifold of spinning sidebands under MAS conditions.126

Second-Order Quadrupolar Interactions

In reality, the quadrupolar interaction for most solids is large enough that

the first-order approximation is insufficient and the second-order quadrupolar

interaction must be considered. As with the first-order quadrupolar inter-

action, this can be described as an additional perturbation of the Zeeman

interaction (Figure 2.17), affecting both the central and satellite transitions. The

quadrupolar splitting parameter for the second-order contribution is much

smaller than the first-order contribution, as its magnitude is proportional to
(ωPAS

Q )
2

ω0
. Hence, the second-order quadrupolar coupling is inverselyproportional

to the applied magnetic field.126,142,147

The exact expression for ω
2
Q contains a number of anisotropic terms and,

thus, has a complex angular dependance. For a spin � = 3/2 nucleus (with ηQ

= 0), the second-order quadrupolar perturbation for a transition <I to −<I is

mI = −1/2

mI = +1/2

mI = −3/2

mI = +3/2

Zeeman First-order
Quadrupolar

Second-order
Quadrupolar

0

0

0

0

0+ 2 Q

0 - 2 Q
1

1

Figure 2.17: A schematic representation of the first-order and second-order
perturbations of the Zeeman interaction by the quadrupolar interaction for
a spin I = 3/2 nucleus.
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given by126,148

ω
2
Q ∝
(ωPAS

Q )2

ω0
[� + �1

2(3 cos2
θ − 1) + � 1

8(35 cos4
θ − cos2

θ + 3)] . (2.44)

For the central transition, �, �, and � are −2/5, −8/7, and 54/35. However,

these coefficients are dependant on both the transition and the spin of the

nucleus. The first term within the square brackets, �, is isotropic. The second

term, the term associated with �, contains the angular dependency 3 cos2 θ− 1

and, thus, can be averaged under MAS. However, the third term, associated

with �, has a more complicated angular dependence (35 cos4 θ− cos2 θ+ 3). As

a result, this term cannot be averaged via conventional MAS methods.

To a first-order approximation the central transition of a half-integer spin

is not broadened due to the quadrupolar interaction. However, it does experi-

ence second-order quadrupolar broadening. As a result, the central transition

exhibits a complex powder pattern, even under MAS. These lineshapes are

shifted from the centre of the spectrum as the chemical shift observed is the

sum of δiso and δQ, the isotropic quadrupolar chemical shift associated with

the isotropic term, �, of the second-order quadrupolar interaction. Figure 2.18

demonstrates how the lineshape of a � = 3/2 nucleus varieswith ηQ underMAS

conditions. This second-order quadrupolar broadening is often undesirable,

as it can make it particularly challenging to resolve individual resonances in

the corresponding spectrum.126,147

Removal of Second-Order Quadrupolar Interactions

Despite being smaller than thefirst-orderquadrupolar interaction, second-

order quadrupolar broadening can obscure useful information, such as the

number of crystallographically distinct sites, as it cannot be removed by MAS.

As ω
2
Q is inversely proportional to the applied magnetic field, it is possible to

reduce its contribution byusing a spectrometer equippedwith a highfieldmag-
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(a) (b) (c)

(d) (e) (f)

Figure 2.18: Simulated MAS lineshapes of the central transition for a spin I
= 3/2 nucleus with CQ = 2 MHz and ηQ = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8,
and (f) 1.0.

net. However, this is not always possible or practical. Hence, two-dimensional

techniques, such as multiple-quantum magic-angle spinning (MQMAS), have

been developed and are often utilised to remove this additional broadening

and acquire high-resolution spectra.

2.2.10 Multiple-QuantumMagic-Angle Spinning

MQMAS NMR techniques are commonly used to remove second-order

quadrupolar broadening and produce high-resolutionNMR spectra, as they al-

low the extraction of valuable structrual information that would, otherwise, be

extremely challenging to obtain. A major advantage of these two-dimensional

experiments is that they do not require any specialist hardware and can be

acquired using a conventional MAS NMR probe and standard fieldstrengths.

However, the quadrupolar nucleus of interest must be a half-integer spin. The

MQMAS experiment, first proposed by Frydman andHarwood in 1995,149 cor-

relates the central transition with a multiple-quantum transition, typically the
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triple-quantum transition, ∆<� = ±3. The direct excitation and detection of a

multiple-quantum transition is “forbidden” by the NMR selection rule. Hence,

this excitation is much less efficient than conventional single-quantum excita-

tion and, as a result, needs to be indirectly detected using a specialised pulse

sequence. Hence, there are often significant sensitivity issues associated with

multiple-quantum-based experiments.126,149,150

The basic MQMAS NMR experiment uses two pulses separated by a

delay, C1. The first pulse excites the multiple-quantum transition, after which

the system is allowed to evolve during C1, before the application of a second

pulse that converts the magnetisation into a detectable form for acquisition.

Figure 2.19(a) illustrates the pulse sequence for the commonly used z-filtered

MQMASexperiment. Although slightlymore complicated, this pulse sequence

is typically preferred over the original two-pulse pulse sequence, as it produces

better lineshapes. During this experiment, the multiple-quantum transitions

are excited using a high power rf pulse. This is followed by the delay C1, where

the system is allowed to evolve. At the end of C1 a second rf pulse is used

to convert the multiple-quantum signal, which cannot be detected, and store

the magnetisation temporarily along the z-axis. After another short delay, CI ,

a 90° pulse is applied. This pulse is central transition selective and transfers

the stored magnetisation into the xy-plane for detection. The FID is then

acquired during C2. During this two-dimensional experiment, the C1 delay is

incrementally varied, thereby enabling the acquisition of “slices”. These slices

make up the indirect dimension after the FIDs have been processed using a two-

dimensional Fourier transformation, i.e., Fourier transformation with respect

to both C1 and C2.150,151

The resulting two-dimensional spectrum displays the indirectly detected

signal, corresponding to themultiple-quantum spectrum, in δ1 and the powder

pattern associated with the central transition in the δ2 dimension. An exam-

ple of the spectrum obtained at the end of a z-filtered MQMAS experiments
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Figure 2.19: Schematic representations of (a) the pulse sequence for a z-filter
MQMAS NMR experiment, MQMAS NMR spectra (b) before and (c) after
shearing, and (d) the pulse sequence for a split-t1 z-filtered MQMAS NMR
experiment.

given by Figure 2.19(b). In such a spectrum, the signal is tilted at an angle

determined by the MQMAS ratio. For example, for a spin � = 3/2 nucleus the

ratio is −7/9 and for a spin � = 5/2 nucleus it is 19/12. However, typically,

an additional mathematical process known as “shearing” is undertaken after

the data has been Fourier transformed. In the sheared two-dimensional spec-

trum, the ridge-like lineshapes are observed parallel to δ2 (Figure 2.19(c)). As

a result, the isotropic projection can be obtained in the δ1 dimension. This

sheared spectrum enables the corresponding quadrupolar NMR parameters

and other useful information to be extracted (vide infra). In order to reduce the

amount of processing required after acquisition, the split-C1 z-filter MQMAS

NMR experiment was developed. This experiment produces a spectrum of δ1

against δ2 via a normal two-dimensional Fourier transformation without the
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need for additional shearing of the data during processing. It achieves this

by spliting the delay C1 into separate single-quantum and multiple-quantum

evolution periods.148

Extracting Structural Information and NMR Parameters

MQMAS NMR experiments are widely used in solid-state NMR spec-

troscopy to resolve crystallographically distinct sites that are otherwise ob-

scured by second-order quadrupolar broadening. Provided there is adequate

resolution in the MQMAS NMR spectrum, the number of distinct crystallo-

graphic sites can be determined from either the isotropic projection (δ1) or the

number of ridges observed in the two-dimensional spectrum. Each ridge in the

MQMAS spectrum corresponds to a distinct site that can be individually ex-

tracted to obtain the corresponding lineshape. This lineshape can then be fitted

to obtain the associated NMR parameters, δiso, �Q, and ηQ. These parameters

provide useful insight into the local environment of a particular site.150

Unfortunately, it is not always possible to fit the extracted lineshapes. In

particular, it can be challenging to fit a lineshape that has no distinct features.

In these cases, a “centre of gravity” method can be used to obtain δiso and the

quadrupolar product, %Q,

%Q = �Q

√
1 + η

2
Q/3 . (2.45)

The position of a resonance’s lineshape within the two-dimensional MQMAS

spectrum is dependant on both δiso and δQ. As a result, it is possible to use the

position in δ1 and δ2 of the centre of gravity of the lineshape to calculate the

isotopic chemical shift, δiso, and quadrupolar chemical shift, δQ, using

δ1 = 3δiso +
6
5δQ , (2.46)

δ2 = δiso −
2
5δQ . (2.47)
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Using this method, the quadrupolar product, for a � = 3/2 nucleus can be

calculated using

%Q =
ω0

√
δQ

250 . (2.48)

As the lineshapes are typically broadened, the average isotropic chemical shift,

〈δiso〉, and average quadrupolar product, 〈%Q〉, are often quoted. Unfortu-

nately, the exact values of �Q and ηQ cannot be determined using this method.

However, %Q can still provide some useful insight into the local structure of a

material.152,153

2.2.11 The Effects of Disordering

As solid-state NMR spectroscopy does not rely on the presence of long-

range order, like diffraction methods, it can be a powerful tool for studying

disorderedmaterials, in particular due to its sensitivity to the local environment

of a system. However, as discussed earlier, there are a number of interactions

that effect the solid-state NMR spectrum. As a result, it can be challenging to

extract crystallographic information, particularly for a disordered material.

The presence of disorder can have a number of effects on the NMR spec-

trum. If the disorder causes significant changes to the local environment, e.g.,

a change in coordination number, then additional resonances will be observed

in the NMR spectrum. Depending on how different the resulting local en-

vironments are, these resonances may overlap to create a complex lineshape.

In contrast, disordering may solely result in subtle changes to the local en-

vironment, e.g., changes in bond lengths and/or bond angles. In this case, a

broadening of the lineshape is observed due to a distribution of chemical shifts.

For systems with quadrupolar nuclei, changes in local environment can

result in not only a change in chemical shift but also a distribution in quadrupo-

lar parameters. Typically, disordering results in asymmetric broadening with

a characteristic “tail” observed, as illustrated in Figure 2.20. A characteristic
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(a) (b)

Figure 2.20: Simulated MAS NMR spectra for a spin I = 3/2 nucleus corre-
sponding to (a) a single quadrupolar lineshape with CQ = 2 MHz and ηQ = 0
and (b) a distribution of both CQ and chemical shift.

quadrupolar powder pattern of a well-ordered crystalline solid is shown in

Figure 2.20(a), whilst Figure 2.20(b) demonstrates the asymmetric broadening

that can occur due to a distribution of �Q values. Owing to the broadened and

featureless nature of the lineshapes, it can be challenging to determine the full

extent of the disordering present and its specific nature.126

2.2.12 Wideline NMR Spectroscopy

The presence of large anisotropic interactions, such as the quadrupolar

interaction, can result in lineshapes that aremanyMHzwide. In such cases, the

MAS rates currently available are incapable of removing the interaction. Hence,

alternative acquisition methods are needed. For example, static “wideline”

NMR spectra can be acquired for such systems in order to gain some structural

understanding. This technique is often used for the acquisition of spectra for

systems containing quadrupolar nuclei with very large quadrupolar moments,

e.g., 71Ge, 91Zr, or 139La. This technique is particularly useful for systems

containing low symmetry sites exhibiting very large values of �Q.

There are two main challenges associated with wideline NMR experi-

ments. Firstly, it is important to uniformly excite the entire powder pattern.

If the powder pattern is extremely broad, the excitation bandwidth may not
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be large enough to acquire the whole pattern in a single experiment. In such

cases, spectra must be acquired stepwise. This is achieved by acquiring a series

of “subspectra” via an incremented frequency offset that are then co-added to

obtain the overall powder pattern (Figure 2.21). Secondly, as the NMR signal

is spread over a large frequency range, the intensity of the signal can be very

low. Hence, a significant number of scans or transients will be needed in order

to achieve an acceptable ratio of signal-to-noise.126,154 In order to maximise the

amount of signal acquired, experiments such as the Carr Purcell Meiboom Gill

(CPMG) have been implemented (vide infra).

0 100 200−100−200
δ (kHz)

(a)

(b)

+ +

(c)

Figure 2.21: A schematic representation of (a) a broad NMR lineshape with
a large CQ and low ηQ and (b) the lineshape broken into three pieces (red,
green, and blue) for acquisition. In (b), the arrow represents the excitation
frequency. In (c), the three sub-spectra are combined to obtain the full
powder pattern.
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WURST-QCPMG NMR Experiments

In recent years, specialist techniques and pulse sequences have been de-

veloped to assist in the acquisition of wideline NMR spectra. One of the most

popular is theWidebandUniformRate Smooth Truncation - Quadrupolar Carr

Purcell Meiboom Gill (WURST-QCPMG), which enables very broad powder

patterns to be acquired in a timely manner. There are two components to this

particular technique, theWURST pulse and the CPMG echo train (Figure 2.22).

The WURST pulse is a low power frequency-swept pulse designed to provide
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Figure 2.22: A schematic representation of (a) a WURST pulse, (b) the
WURST-QCPMGpulse sequence, and (c) a spikelet spectrum obtained from
a QCPMG NMR experiment. In (c) the dotted line represents the overall
lineshape.
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broadband excitation, i.e., to excite over a larger frequency range (>500 kHz)

than conventional rf pulses (>100 kHz). During the pulse (50 µs) the frequency

of the rf is swept between one frequency and another at a constant rate, en-

abling a wide range of frequencies to be excited all at once. A major advantage

of the WURST pulse is that it can remove the need for frequency stepping or, if

it is still required, it can significantly reduce the number of subspectra required

to obtain the full powder pattern.

The CPMG pulse sequence is used to overcome any sensitivity issues

associated with acquiring wideline NMR spectra. The pulse sequence consists

of back-to-back 180° pulses. A WURST-QCPMG experiment, as illustrated in

Figure 2.22, contains two WURST pulses. The first, denoted A, is an excitation

pulse. The second, denoted B, is a refocusing 180° pulse. These two pulses are

swept over the same frequency range with the same sweep rate. The resulting

FID contains multiple echoes which, when Fourier transformed, produces a

series of spikelets whose manifold outlines the shape of the overall lineshape

(Figure 2.22(c)).154,155

2.2.13 Probing Ion Dynamics

As previously discussed, solid-state NMR spectroscopy can be used to

probe the dynamics of a system over a wide range of timescales using different

methods, as highlighted in Figure 2.23. Provided themotion causes a change in

Fast Motion Slow MotionIntermediate Motion

τc
10-12 10-9 10-6 10-3 1031

Relaxation
Lineshape
Analysis

Exchange
Spectroscopy

~ ω0
-1 ~ T1~ ωQ

-1 ~ ωD
-1 ~ νR

-1 ~ Ω-1

Figure 2.23: An illustration of how different solid-state NMR experiments
are capable of probing different timescales of motion.
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the nuclear spin Hamiltonian, it is possible to detect it via NMR spectroscopy.

However, the specific experiment chosen depends on the nature of the motion

and its timescale. To describe molecular motions within NMR spectroscopy, a

autocorrelation function, �(C), is defined such that

�(C) = exp(− |C |
τc
) , (2.49)

where τc is the correlation time for the motion. For ion migration or hopping,

this can be thought of as the average time between each hop. Hence, the shorter

τc, the faster the ion migration. There are three main timescales of motion: fast

(τc = 10−12 - 10−9 s), intermediate (τc = 10−3 - 10−7 s), and slow (τc = 10−1 - 103

s).

In this thesis, it is themotion andmigration of ionswithin solid electrolyte

materials that are of particular interest. NMR studies of this motion utilise the

change in an ions local environment as it hops through the structure. There

are various techniques available for studying this motion, including relaxation

processes (fastmotion), lineshapeanalysis (intermediatemotion), andexchange

spectroscopy (slow motion) as highlighted in Figure 2.23.126,156

Fast Motion

Typically, fast motion ismeasured via its effect on the relaxation processes

as a functionof temperature. More specifically, if τc is on the order of theLarmor

frequency, the motion will have a dramatic effect on the spin-lattice relaxation.

When studying ion migration, variable-temperature inversion recovery exper-

iments are often used to measure the rate of spin-lattice relaxation, '1 = 1
)1
,

as a function of temperature. When plotted as a function of temperature, '1

increases until it reaches )max and then decreases again. This maximum occurs

when the motion is similar to the Larmor frequency. Hence, the value of )max

is dependant on ω0. This can be separated into the low temperature regime

() < )max) and the high temperature regime () > )max). The activation energy
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of ion migration can then be determined from the high temperature regime

using the Arrhenius equation (Equation 1.5). The spin-spin relaxation, on the

otherhand, is sensitive to slower motions, typically on the kHz timescale.157,158

Intermediate Motion

Variable-temperature NMR spectroscopy is a technique commonly used

to investigate intermediate ion dynamics within functional materials. As the

motion of an ion or atom results in a change in orientation or the local environ-

ment, anisotropic interactions, such as the dipolar and quadrupolar interaction,

can be highly sensitive to these dynamics. Hence, changes in the lineshapes

of variable-temperature NMR data can be used to study a wide range of dy-

namics. In particular, for investigating ion migration through solid electrolyte

materials, the analysis of motional narrowing is a useful technique. To obtain a

motional narrowing curve, NMR spectra are acquired over a range of temper-

atures. The full width at half maximum (FWHM) of the NMR lineshapes are

then plotted as a function of temperature. An example of a motional narrow-

ing curve is shown in Figure 2.24. There are three distinct areas of motion in

a motional narrowing curve. At low temperatures, in the rigid lattice regime,

the FWHM is independent of temperature. The FWHM of the lineshape in the

rigid lattice regime is determined by the anisotropic interactions experienced

by the nuclear spin. Any motion that is occurring is too slow and, as a result,

the local field experienced by the nuclear spins does not fluctuate during the

course of the NMR experiment. Instead, the distribution of local environments

present results in the observation of broad lineshapes. The major cause of this

broadening is a result of the dipolar interaction (vide supra).

After the onset of motional narrowing, )onset, the FWHM decreases with

temperature. To describe this in a simplified manner, ions are considered

as being in one of two states. They are either not thermally activated and,

therefore, not undergoing migration (state A) or, alternatively, they possess
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Figure 2.24: A schematic representation of a motional narrowing curve,
where the FWHM is plotted as a function of temperature, with three dis-
tinct regions highlighted: rigid lattice motion (blue), motional narrowing
(red), and fast motion (green) alongside the temperature at which motional
narrowing begins, Tonset.

the energy to migrate (state B). Hence, nuclei in state A will exhibit a broad

rigid lattice lineshape due to the dipolar interaction. In contrast, the motion

of nuclei in state B removes the broadening caused by the dipolar interaction,

resulting in anarrower lineshape. However, it is noted that only one lineshape is

observed due to the rapid fluctuation between the two states, as ions hop along

the migration pathway. The width of the observed lineshape is determined

by the number of nuclei in each state, which varies with temperature. As

the temperature increases, the number of ions with a high enough energy to

migrate through the structure increases. Hence, the number of nuclei in state

B increases. As a result, the lineshape tends to narrow. However, the motional

narrowing does not continue indefinitely. At high temperatures, in the fast

motion regime, a motionally averaged lineshape is observed. Beyond the fast

motion limit, relaxation processes can be used to study the motion.126,156,159

Once the motional narrowing curve has been obtained, the activation

energy for ion migration can be calaculated using the Hendrickson and Bray
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relation,159

FWHM =
�

1 + (�� − 1) exp(− �a:) )
+ � , (2.50)

where� and� are the FWHMat lowandhigh temperatures, respectively, andD

is the additional line broadening caused by factors such as field inhomogeneity.

Hence, if the additional broadening is negligible, the activation energy can be

obtained from the slope of the plot of log( 1
FWHM − 1

� ) vs. 1000/). It is noted

that this relationship is an approximation and there are sources of error that

should be considered. For example, this relationship assumes that both the

normal NMR lineshape and additional broadening are Lorentzian in nature.

SlowMotion

For slow migrations, exchange spectroscopy (EXSY) experiments are re-

quired. This technique requires the physical movement of an ion or atom

during the dedicated mixing time of the experiment. This is achieved by cor-

relating the resonance frequency of a given nuclear spin before and after this

mixing time. This is typically done via a two-dimensional MAS EXSY experi-

ment. This experiment can be split into three phases: evolution, mixing, and

detection (Figure 2.25). Firstly, the magnetisation is transferred into the xy-

plane by a 90x pulse. After a period of evolution, denoted C1, the magnetisation

precessing at its resonance frequency is rotated onto the z-axis by the appli-

cation of a 90x pulse. The magnitude of this magnetisation is dependant on

the precession frequency Ω1 during C1. Whilst the magnetisation is held along

the z-axis there is no evolution in magnetisation but exchange may take place.

After the mixing time, Cmix, the magnetisation is transferred back into the xy-

plane by a third 90x pulse for detection during C2. If exchange occurs during the

mixing time, the precession frequency during C2, denoted Ω2, will be different

to Ω1. As an EXSY is a two-dimensional technique, C1 is varied incrementally

before the dataset undergoes a two-dimensional Fourier transformation with

respect to C1 and C2.
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Figure 2.25: A schematic representation of (a) the pulse sequence for an EXSY
NMRexperiment and (b) the resulting two-dimensional spectrumexhibiting
cross-peaks that demonstrate the exchange between siteA and site B and vice
versa.

The resulting two-dimensional spectrumcorrelatesΩ1 againstΩ2. Hence,

if no exchangeoccurs, i.e., τc > Cmix, then signal is onlyobservedon thediagonal,

corresponding to self-correlation. However, if exchange takes place during the

mixing time, i.e., τc < Cmix, cross-peaks will be observed, corresponding to

the specific sites that are undergoing exchange. For example, if the system

has two sites A and B, which correspond to the frequencies ΩA and ΩB, then

signal on the diagonal will correspond to (Ω1,Ω2) = (ΩA,ΩA) and (Ω1,Ω2) =

(ΩB,ΩB). However, if exchange occurs, a proportion of the spins precessing

at frequency ΩA during C1 will be precessing at ΩB during C2 and vice versa.

Hence, cross-peaks corresponding to (Ω1,Ω2) = (ΩA,ΩB) and (Ω1,Ω2) = (ΩB,ΩA)

will be observed, as illustrated in Figure 2.25.

As this experiment probes motion that takes place during the mixing

time, data is usually acquired over a range of mixing times in order to estimate

the timescale of the exchange taking place. This technique is particularly useful
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for slow motions as the mixing time can be extended up to hundreds of ms,

provided the system does not undergo any significant relaxation processes

during the experiment.156,160–162

2.2.14 Studying Paramagnetic Systems

A number of materials for use in batteries, e.g., cathode materials, are

paramagnetic.163 Unfortunately, the presence of unpaired electrons in a system

can have a significant effect on the corresponding NMR spectra and make the

NMR spectroscopy of such systems particularly challenging. This effect is due

to a number of interactions including the Fermi contact interaction and dipolar

interactions. However, the overall effect of an unpaired electron on a NMR

spectrum is usually considered in one of three cases. (1) It is rare to observe the

paramagnetic species itself in the NMR spectrum due to extreme shifts, rapid

relaxation, and significant broadening of the lineshape. (2) Nearby nuclei

are typically observed at unusual chemical shifts with significantly broadened

lineshapes. These nuclei may relax too quickly for some conventional NMR

techniques and, hence, require specialised experiments. (3) Nuclei that are far

away from the paramagnetic centre may experience a weak interaction. This

can result in negligible changes to the observed chemical shift but may still

result in line broadening and rapid relaxation.126

The interaction between the nuclear and electron spins is known as the

hyperfine interaction. The chemical shift observed in the NMR spectrum of

a paramagnetic species is a combination of the diamagnetic and hyperfine

contributions,

δobserved = δdiamagnetic + δhyperfine . (2.51)

The diamagnetic part of the chemical shift is affected by the interaction dis-

cussed previously and can be determined using a carefully chosen analogous

diamagnetic system. The effect of the unpaired electron is comprised of a num-
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ber of interactions. In particular, the δhyperfine has two additive components,

δhyperfine = δFC + δPC , (2.52)

due to the Fermi contact shift, δFC, and the pseudocontact shift, δPC. When the

electron originates from the atom of interest, the most important interaction is

the Fermi contact interaction, where the unpaired electron spin density induces

a polarisation of the nuclear s orbitals. This results in an isotropic shift, known

as the Fermi contact shift, that depends on �0, the nuclear magnetic moment, γ,

and the hyperfine coupling constant,�. It is also possible for this polarisation to

be mediated by a chemical bond, like J-couplings, resulting in the “transferred

hyperfine interaction”. In this case, the strength of the coupling is affected by

the number, covalency, and geometry of the bonding pathway.

The second contribution to the chemical shift is due to the pseudocontact

interaction. This is a through-space dipolar coupling between the electron and

the nuclear spin. The pseudocontact shift is dependant on the distance (A−3
�(
) be-

tween the electron, �, and the nuclear spin, (. This interaction has both isotropic

and anisotropic components. This interaction is often compared to heteronu-

clear dipolar couplings, as they share similar orientationally-dependant terms.

However, unlike heteronuclear dipolar couplings, the pseudocontact interac-

tion has an isotropic component. Hence, this interaction results in a shift effect,

i.e., it contributes to the overall observed chemical shift. In principle, this inter-

action can be averaged to its isotropic value under MAS conditions. However,

due to its large magnitude, it cannot be fully averaged and typically results in

a large manifold of spinning sidebands.126,164

Both the Fermi contact and pseudocontact shift are dependant on 1/).

Thus, the chemical shift observed for a paramagnetic system is highly sensitive

to temperature. Typically, δhyperfine demonstrates what is known as Curie-

Weiss behaviour, i.e., as the temperature is increased the chemical shift de-

creases.126,164 The Curie-Weiss law describes the temperature dependence of
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the magnetic susceptibility, χ,

χ =
�

) − θ
, (2.53)

where � is the Curie constant and θ is the Weiss constant.165

In addition to experiencing shift effects, paramagnetic systems often dis-

play broad lineshapes. The hyperfine interaction, mainly the pseudocontact

interaction, typically results in short values of )1 and )2, i.e., rapid spin-spin

and spin-lattice relaxation. Although this can be advantageous in reducing the

recycle interval and speeding up data acquisition, it typically leads to broad

lineshapes and reduces signal-to-noise. Short relaxation times can also be

problematic for some pulsed experiments, e.g., MQMAS and EXSY.126,164

2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy can be used to study the elec-

trical properties of a wide range of materials, e.g., ionic conductors, supercon-

ductors, and supercapacitors. EIS directly measures the electrical impedance

of a system, defined as the net opposition to the flow of current in an electri-

cal circuit. During an EIS measurement, an alternating voltage, + , is applied

across an electrochemical cell (consisting of two ion-blocking electrodes and a

solid electrolyte) at various frequencies. The dependency of the voltage with

time is described by,

+(C) = +0 sin(ωC) , (2.54)

where +0 is the voltage a C = 0 and ω is the frequency of the voltage. EIS is a

bulk or macroscopic measurement, hence, it includes contributions from the

material itself, as well as grain boundaries and any concentration gradients at

the electrode. At each frequency, the circuit’s current response, �, is measured.

Due to the circuit’s impedance, this current will have the same frequency as +
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but will be out of phase by φ,

�(C) = �0 sin(ωC + φ) . (2.55)

This allows the circuit’s impedance, /, to be calculated using Ohm’s law:

/(C) = +(C)
�(C) =

+0 sin(ωC)
�0 sin(ωC + φ) = /0

sin(ωC)
sin(ωC + φ) . (2.56)

Impedance is a complex number, i.e., it is made up of real, /’, and imaginary,

/”, components. Both these components are plotted against each other in a

Nyquist plot. The real component of impedance is resistance.

The electrical properties of a material are often represented by an equiv-

alent circuit, or a network of resistors and capacitors. The experimental data is

typically fitted and simulated using the Nyquist predicted for the equivalent

circuit. This allows the extraction of useful information, e.g., the resistance

of the system. Equivalent circuits are made up of “elements”. Each electro-

chemically distinct region of the material can be modelled by its own element.

The most common element is the “parallel '� circuit”, consisting of a resistor,

with resistance ', and a capacitor, with capacitance �, in parallel. These are

characterised by the time constant, τ,

τ = '� . (2.57)

This time constant is related to the frequency such that

ωτ = 1 . (2.58)

The real and imaginary components of the impedance of this element are given

by

/’ = '

1 + (ωτ)2 and (2.59)
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/” =
'ωτ

1 + (ωτ)2 . (2.60)

This results in the elements being separated on the frequency scale. The parallel

'� circuit produces a semi-circle shape, with radius R/2, in the Nyquist plot

(Figure 2.26(a)). The maximum of the semi-circle occurs when

ωmax'� = 1 . (2.61)

When a material has multiple electrochemical environments, e.g., bulk and

grain boundary ionic conductivity, they can be represented by a series of ele-

ments. For example, two parallel '� elements connected in series will result

in two adjacent semi-circles (Figure 2.26(b)).
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Figure 2.26: A schematic representation of the Nyquist plot and correspond-
ing equivalent circuit for (a) a parallel RC circuit, (b) two parallel RC circuits
in series, and (c) a solid electrolyte. Here, resistances and capacitances are
represented by R and C, respectively. In (c), W represents the Warburg
element.
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EIS is often used to measure the electrical properties of potential solid

electrolytes, typically, after they have been pressed and sintered to create a

dense pellet. In particular, it can provide information about the ionic and

electrical conductivity, interfacial resistances, SEI formation, and diffusion co-

efficients. An example of an “ideal” Nyquist plot for a solid electrolyte is

shown in Figure 2.26(c). The circuit is composed of two resistors, '1 and '2,

a capacitor, �, and a Warburg element, , . Here, '1 is the resistance of the

system. '2 and � make up a parallel '� element corresponding to the ionic

conductivity of the solid electrolyte. This results in a semi-circle at high fre-

quency. The Warburg element, which represents the diffusion of ions towards

and away from the sample-electrode interface, corresponds to a characteristic

linear ∼45° “tail” at the low frequency end of the Nyquist plot. During the

course of the EIS measurement, ions migrate through the electrolyte towards

the oppositely charged electrode. The use of ion-blocking electrodes can result

in the build up of charge at the electrodes. Hence, the presence of a Warburg

spike is characteristic for ionic conductivity.

The resistance of the system to ion transfer, ', can either be obtained by

fitting the Nyquist plot with an equivalent circuit or from the intercept of the

corresponding semi-circle with the /’-axis. Once ' had been obtained, the

conductivity, σ, can be calculated using

σ =
;

'�
, (2.62)

where ; and � are the length or thickness and area of the electrolyte in the cell,

respectively. In reality, Nyquist plots are considerably more complicated than

the ideal case. As it is amacroscopicmeasurement, if thematerial has increased

resistance at its grain boundaries it will make the EIS data more challenging

to analyse and interpret. More specifically, grain boundary contributions will

appear inNyquist plots as a second semi-circle at lower frequency that requires

additional components in the equivalent circuit to model. If these differ signif-
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icantly, it is possible to separate out each of these components. However, it is

not always possible to resolve the individual contributions and, instead, a total

ionic conductivity is reported.

To gain additional information about ion migration in functional materi-

als, variable-temperature EIS experiments are often performed. This allows the

ionic conductivity to be extracted as a function of temperature. An activation

energy for ion migration can then be obtained using the Arrhenius equation

(Equation 1.5). Typically, data is presented as an Arrhenius plot, with 1000/)

on the x-axis and log(σ) on the y-axis, such that �a can be calculated from the

slope. In addition to �a, the diffusion coefficient, �8 , for ion migration can

also be calculated using the variable-temperature EIS data. �8 is a measure of

the rate (cm2 s−2) at which an ion, 8, moves. Like ionic conductivity, the diffu-

sion coefficient follows Arrhenius-type dependency with temperature. For a

specific temperature, �8 can be estimated using the Nernst-Einstein equation,

�8 =
σ:)

=842 , (2.63)

where σ is the ionic conductivity of the system at temperature ), =8 is the

concentration of charge carriers 8, : is the Boltzmann constant, and 4 is the

electronic charge. Diffusion coefficients can be useful for comparing between

systems and/or techniques.166–169

2.4 Muon Spin Relaxation Spectroscopy

Muon spin relaxation spectroscopy is a technique that is complementary

to both EIS and solid-state NMR spectroscopy. Like solid-state NMR, µSR

spectroscopy can be used to probe ion mobility on a local scale. As a result,

the data obtained from µSR spectroscopy is free from grain boundary contribu-

tions. Furthermore, µSR spectroscopy can be used to studymagnetic materials.

Hence, it can be used to probe ion mobility in paramagnetic materials that are
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challenging to study via solid-state NMR spectroscopy.

2.4.1 Introduction to Muons

The muon, µ, is a fundamental particle, with spin 1/2, that can be posi-

tively or negatively charged (µ+ or µ−). It is often compared to a heavy unstable

electron with a lifetime of 2.2 µs. Muons are found naturally at the earth’s

surface. Cosmic rays are made up of many charged, high energy particles that

arrive from other parts of the universe. These rays are predominately com-

posed of protons which collide with molecules in the air. This produces a large

number of other particles, including pions (π+ and π−). These have a short

lifetime and quickly decay into muons:170,171

π
− −−−→ µ

− + νµ , (2.64)

π
+ −−−→ µ

+ + νµ . (2.65)

Muons are weakly interacting and are unlikely to react with molecules in the

air. As a result, approximately one muon per cm2 per minute makes it to the

earth’s surface.170

Muons decay into a neutrino/anti-neutrino pair (ν/ν̄) and a charged

electron species. This decay must conserve charge, as a result, the charge of the

muon will dictate if an electron (e– ) or positron (e+) is produced as follows:

µ
− −−−→ e− + ν̄e + νµ , (2.66)

µ
+ −−−→ e+ + ν̄µ + ν4 . (2.67)

Unfortunately, due to their short lifetime, muons are difficult to detect directly.

Instead, it is possible to detect the electron or positron produced during the

muon’s decay. Facilities such as the ISIS Neutron and Muon Facility in the UK

are able to produce muon beams by colliding high energy protons (500 - 800
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MeV) with a sheet of graphite. This creates positively charged pions which

rapidly decay into µ+ (Equation 2.65). These muons are then manipulated into

a beamusingmagnets and delivered to the spectrometer for experiments. Most

muonbeamsutilise thepionsdecaying in the surface layer of thegraphite target.

As this is a two body decay occurring at rest, the muon and muon neutrino

(νµ) must conserve momentum. In addition to this, the pion has zero spin.

As a result, the muon and neutrino must have opposite spins and momentum

to each other. By definition, the spin of a neutrino is always anti-parallel to

its momentum. Therefore, the surface pions produce a beam of 100% spin

polarised muons, i.e., all the spins are aligned, with their spin anti-parallel to

their momentum. Hence, muon beams produced at particle accelerators have a

much higher intensity than naturally occurringmuons. As a result, this enables

experiments involving muons to be completed on a practical timescale.170,172

2.4.2 Muon Implantation and Spin Precession

During a muon spin relaxation experiment, muons are implanted into

the specific sample of interest. Unlike other techniques, there is no scattering,

diffraction, or reflection. Themuonwill come to rest after 1 ns or approximately

200 µm and will tend to occupy interstitial sites within crystals (or additional

sites within molecules) rather than replacing an atom. As the muons are

positive they will preferentially occupy sites near negative species, e.g., O2– .

The muon will then decay into a positron and neutrino/anti-neutrino pair

(Equation 2.67) after a time C. The sum of the momentum of the emitted

particles must be zero, as the muon was at rest within the sample when it

decayed. As a result, the positron is most likely to be emitted in the same

direction as the muon spin. The positron emitted during decay can easily be

detected. Hence, this can be used to gain further information regarding the

muon spin.

Before the muon decays, it is highly sensitive to its local environment,
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in particular, magnetic fields. If the muon spin experiences a magnetic field

perpendicular to the muon beam axis, i.e., a transverse field, it will undergo

precession at the Larmor frequency associated with that field, �,

ωµ = γµB , (2.68)

where γµ is the gyromagnetic ratio of the muon. This magnetic field can be due

to either an external applied field, neighbouring nuclei, or unpaired electrons in

paramagnetic systems. As positrons are predominately emitted in the direction

of the muon spin, it is possible to directly monitor the spins precession.170,171

Asimplified schematic representation of the spectrometer set up is shown

inFigure 2.27. The sample is placed into themuonbeambetween twosets/rings

of detectors, forwards and backwards. If the muon decays before the spin has

precessed, or has undergone an integer number of precessions, the positron

will preferentially be emitted towards the backwards detector. However, if

the spin undergoes a half integer precession before decaying, the positron will

most likely be emitted towards the forwards detector. The number of positrons

detected in the forward (#F(C)) andbackward (#B(C)) detectors can individually

be plotted as a function of time, the sumofwhich is the exponential decay of the

muon (Figure 2.27(b)). The asymmetry function (�(C)) provides a normalised

time evolution for the muon spin’s polarisation,

�(C) = #F(C) − α#B(C)
#F(C) + α#B(C)

, (2.69)

where α is the instrument forward/backward asymmetry that is calibrated

for each sample. The behaviour of the muon decay asymmetry is dependant

on the muons local environment. For example, �(C) oscillating at the Larmor

frequency is expected for amuon experiencing a transversemagnetic field (Fig-

ure 2.27(c)). This is particularly useful for materials with magnetic properties

as, owing to their large gyromagnetic ratio, muons are sensitive to very small
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Figure 2.27: A generalised schematic representation of a µSR experiment
including (a) the experimental set up with the muon beam, sample, and
detectors, (b) the number of positrons detected by the forward and back-
ward detectors during an experiment for muons experiencing a transverse
magnetic field, and (c) the corresponding decay asymmetry. In (a) the solid
purple arrow represents the muon spin anti-parallel to the momentum of
the spin, denoted by the dashed arrow.

magnetic fields. The decay asymmetry can then be fitted using a variety of

functions, each describing a different muon behaviour, to extract the relevant

information, e.g., local fieldstrength and field distribution within a magnetic

material.170,173

2.4.3 Muon Spin Relaxation

During a µSR experiment, the muon spins undergo relaxation. This may

be due to spin-lattice relaxation, spin-spin relaxation, and/or inhomogeneous

or fluctuating local fields. This relaxation results in a time-dependant change

in the projection of the muon spin along the axis of the muon beam which can

be observed in the decay asymmetry. The longitudinal relaxation of the muon

spin can provide information about both static and dynamic variations in the
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local field, making it a very powerful technique.

If a muon spin, (µ, experiences a local magnetic field, �, at an angle θ

to the axis of the muon beam it will precess about this field, as illustrated in

Figure 2.28(a). The resulting decay asymmetry is described by

�(C) = cos2
θ + sin2

θ cos(γµ�C) . (2.70)

However, in reality, the static local field experienced by a muon in zero field is

likely to have a random orientation and be a Gaussian distribution of isotropic
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Figure 2.28: A schematic representation of (a) a muon spin, Sµ, precessing
about a magnetic field, B, at an angle θ to the axis of the muon beam (black
dashed line), (b) theKubo-Toyabe relaxation of amuon spin in zero fieldwith
an intial asymmetry of 0.3, and (c) the decoupling of muon spin relaxation
by the application of longitudinal fields (LF) of varying strengths. In (b) a
dashed line is used to highlight the tail at 1/3 of the original asymmetry.
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fields with width ∆/γµ centred about zero. Averaging over this distribution of

fields gives an asymmetry of

�(C) = 1
3 +

2
3 exp(−1

2∆
2C2)(1 − ∆

2C2) . (2.71)

This relaxation function was first described by Kubo and Toyabe in 1967 and

has a characteristic shape where the asymmetry dips before recovering to 1/3

of its inital value, as illustrated in Figure 2.28(b). This relaxation is often ob-

served experimentally. For example, during experiments at low temperatures

in zero field, the muon is stationary and precesses due to the local field of the

neighbouring nuclear magnetic dipole moments that are randomly oriented

with respect to each other and give rise to a field distribution centred about

zero.170,173,174

This relaxation can be “decoupled” by the application of a longitudinal

field. A sufficiently large field (� > ∆) will restore the muon spin polarisation

to its original state, i.e., along the axis of the muon beam. As illustrated in

Figure 2.28(c), the application of a longitudinal field modifies the Kubo-Toyabe

function such that, at high fields, there is very little change in asymmetry

with time. This can be useful when trying to fit µSR data or determine the

nature of the relaxation. For example, if the sample is paramagnetic, a weak

longitudinal field will decouple the nuclear contribution of the relaxation but

not the stronger electronic contribution.170,173,175

2.4.4 The Affect of Ion Mobility on Muon Spin Relaxation

Muon spin relaxation is extremely sensitive to any changes or fluctuations

in the local magnetic field experienced by the muon. If ion migration occurs

in close proximity to a muon, its spin relaxation will be affected. In particular,

the nuclear magnetic dipole moment of the ion will change the local field

experienced by themuon spin as it hops past. Specifically, it causes fluctuations
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in the local field.

For slow hopping rates, the shape of previously discussed Kubo-Toyabe

relaxation is still observed but the “1/3-tail” is suppressed. As the hopping

rate increases this is suppressed further (Figure 2.29). In contrast, fast hopping

rates dominate the spin relaxation and an exponential decay of asymmetry is

observed, as illustrated in Figure 2.29. As the motion gets faster, the relaxation

rate decreases. This is similar to the motional narrowing observed in NMR

spectroscopy (vide supra). The effect of ion dynamics on muon spin relaxation

can be described using the dynamic Kubo-Toyabe (DKT) function, which de-

scribes the complicated affect the longitudinal magnetic field, ion hopping rate,

and local field distribution have on the muon spin relaxation.170,173,175

2.4.5 Measuring Ion Mobility using µSR Spectroscopy

It is possible to use µSR spectroscopy to investigate the ion mobility of

a material and measure an ion hopping rate. Like NMR spectroscopy, µSR

spectroscopy probes the local environment within the structure. As a result,
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Figure 2.29: A schematic representation of dynamic Kubo-Toyabe (DKT)
relaxationwith an intial asymmetry of 0.3 andhow it varieswith ionhopping
rate.
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hopping rates, diffusion coefficients, and activation energies obtained from

µSR data exclude contributions from surfaces or grain boundaries. Due to

the short lifetime of the muon, µSR experiments probe ion mobility on the

10−5 - 10−8 timescale,175 which, compared to solid-state NMR spectroscopy, is

intermediate/fast motions.

During a µSR experiment, data is collected at three different applied

magnetic fields over a range of temperatures. These small magnetic fields are

applied longitudinally (along the axis of the muon beam), thereby decoupling

the muon spin relaxation. The magnetic fields are chosen such that the highest

field fully decouples themuon spin relaxation. Inmost experiments 0, 5, and 10

G or 0, 10, and 20 G are used. Once the themuon asymmetry has been acquired

at the three fields, the data is simultaneously fittedusing the following function:

�(C) = �/(C)DKT + �BG , (2.72)

where �BG is the background asymmetry and �/(t)DKT is the DKT relaxation

function given by

�/(C)DKT = 6I(C) + ν

∫ C

0
6I(C − τ)dτ (2.73)

If B = 0: 6I(C) = �DKT[
1
3 +

2
3(1 − ∆

2C2) exp(−1
2∆

2C2)] , (2.74)

If B ≠ 0: 6I(C) =�DKT[1 − 2 ∆2

ω
2
µ

(1 − cos(ωµC) exp(−1
2∆

2C2))

+ 2 ∆4

ω
4
µ

ωµ

∫ C

0
sin(ωµτ) exp(−1

2∆
2
τ

2)dτ ,
(2.75)

where �DKT is the asymmetry at C = 0, ν is the hopping rate, and ∆ is the

local field distribution. During this fitting process �DKT, �BG, ν, and ∆ are

refined until there is good agreement with the experimental data. All these

parameters, are global, i.e., they do not change with the applied field. The

ion hopping rate, ν, and local field distribution, ∆ are plotted as a function of
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temperature and can be used to describe the ion mobility of the system. These

correspond to the 1/)1 and the line-width parameters obtained from solid-state

NMR experiments, respectively.170,173,175

As a function of temperature, ν exhibits Arrhenius-type behaviour. At

low temperatures, the hopping rate remains constant. However, above )onset

the hopping rate rapidly increases. As with the values of ionic conductivity

obtained from EIS experiments, a plot of log(ν) against 1000/) can be used to

calculate the activation energy for ion hopping. In addition to the activation

energy, provided the ion migration pathway is known, diffusion coefficients

can be estimated from ν using

�Li =

=∑
8=1

1
#8
/v,8B

2
8 ν , (2.76)

where #8 is the number of lithium sites in the 8th of = paths, /v,8 is the vacancy

fraction, and B8 is the jump distance.

The temperature dependence of ∆ is similar to the motional narrowing

curve obtained via solid-state NMR spectroscopy. Typically, a slight steady de-

crease in ∆ is observed due to motional narrowing. If ν becomes large in com-

parison to ∆, the ion diffusion becomes too fast to observe via µSR spectroscopy.

Typically, this corresponds to a sudden drop in ν at high temperatures. Once

the motional narrowing of ∆ has reached the “fast motion” regime, ν, which

is still increasing, becomes much larger than ∆, i.e., ν >> ∆. At this point the

DKT relaxation function is dominated by an exponential and it is challenging

to precisely determine ν or ∆ above these temperatures.170,175

2.4.6 The ISIS Neutron and Muon Facility

All µSR studies described within this thesis were carried out using one

of three spectrometers housed at the ISIS Neutron and Muon Facility: EMU,

HiFi, or MuSR. Like the majority of muon facilities worldwide, the ISIS muon
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facility generates muons by colliding high energy protons with a graphite

target. However, unlike most other facilities, the synchrotron at ISIS produces

high energy pulses of 800 MeV protons, with each pulse lasting 70 ns at a 50

Hz repetition frequency. This creates pulses of spin polarised positive muons

which are then sent to each of the spectrometers.

At a pulsed muon facility, such as ISIS, a large number of muons arrive

at the sample in each pulse with no information about when the individual

muons arrived. This reduces the time resolution of the experiment as the

pulse has a finite width which leads to a doubt in the timing measurements.

However, the pulsed structure of the muon beam allows decay events to be

measured over long timescales. With a continuous beam source, the arrival

of the next muon interrupts any long lived muons. It is also possible to time

external stimuli, such as the application of rf or laser radiation, with the pulse

structure of the muon beam to create a wide variety of experiments. Hence,

spectrometers are designed for different applications and to carry out specific

experiments.170,172,176,177

EMU

EMU is a µSR spectrometer optimised for zero field and longitudinal field

experiments. Hence, it is ideal for probing the ion mobility of functional ma-

terials. It has 32 scintillator detectors arranged in two circular arrays (forward

and backward) that typically record 10 - 20 million events per hour. Data can

be acquired at longitudinal fields of up to 4000 G and at temperatures ranging

from 350 mK to 1000 K. For the temperature range of interest in this work, a

closed circuit refrigerator (CCR) can be used to probe the temperatures between

12 - 600 K.177,178

HiFi

The high field (HiFi) instrument at ISIS is capable of providing longitu-

dinal fieldstrengths of up to 5 T. Hence, this allows larger local fields to be
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decoupled. It also enables new regions of the magnetic phase diagrams to be

accessed. This means a wider range of systems can be studied. HiFi has 64

detectors split into two banks that typically record 40 - 45 million events an

hour. In addition to the high fields, data can be acquired over a temperature

range of 30 mK - 1000 K. As on EMU, a CCR can be used to acquire data over

the temperature range 10 - 600 K.177,179

MuSR

The MuSR spectrometer can be used to acquire data in both longitudinal

(0 - 3000 G) and transverse (0 - 600 G) fields. This is achieved by rotating the 64

detectors by 90°. This flexibility makes the spectrometer extremely versatile.

These detectors typically record 40 - 45 million events per hour. Data can be

acquired over a temperature range of 40 mK - 1000 K via the use of refrigerators

and furnaces, specifically a flow cryostat can be used for a temperature range

of 3 - 600 K.177,180,181



Chapter 3

Probing the Effects of

Sodium-Doping on Ion Mobility in

Li5La3M2O12 (M = Nb, Ta)

3.1 Introduction

As discussed earlier, lithium-stuffed garnets are just one class of poten-

tial solid electrolytes that have gained considerable attention over the past 17

years, due to their high ionic conductivities and stability against lithium metal

anodes. In particular, the substitution of different cations in Li5La3M2O12

and LLZO has been prevalent in the search for solid electrolytes exhibiting

high ionic conductivities. The cationic substitution of the lanthanum site in

Li5La3M2O12 (the primary focus of this chapter) has been well documented in

the literature, including the substitution of divalent alkaline earth metals such

as calcium, strontium, and barium, which has led to an improvement in the

ionic conductivity (∼10−5 S cm−1).107–110 This is attributed to an increase in the

lithium content of the system. Within the structure of Li5La3M2O12, lithium is

disordered, partially occupying three sites. As a result, increasing the lithium

content increases the number of mobile ions available to migrate through the
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structure.107–110 Hence, numerous studies have focused on understanding how

the lithium-stuffed garnet structure is affected by such compositional changes.

In the case of barium-doped lithium-stuffed garnets, a number of studies

have investigated the affect substitution has on the lithium content as well as

its position andmobility within the structure. Initial studies of Li6La2BaTa2O12

reported a high ionic conducitivity (4×10−5 S cm−1) but suggested that lithium

occupied solely the octahedral siteswithin the garnet structure.107 Later studies

confirmed the high ionic conductivity and, in doing so, suggested that lithium

was split over both the tetrahedral (Li1) and displaced octahedral (Li3) sites

(vide supra).109 However, neutron diffraction studies suggested a more complex

distribution of lithium across all three lithium sites within the structure. Al-

though both the tetrahedral and octahedral lithium sites are occupied in the

series Li5+xLa3–xBaxTa2O12 (G = 0 - 1.6), large off-centre displacements are ob-

served for both sites, owing to static disorder. It is noted that the displacements

observed in Li5+xLa3–xBaxTa2O12 were larger than previously reported for the

parent system, Li5La3Ta2O12, particularly for the tetrahedral lithium site.96 As

previously discussed, the occupation of neighbouring tetrahedral and octahe-

dral sites is known to result in unfavourable lithium-lithium distances and,

as a result, the octahedral site is displaced (Figure 3.1). In Li5La3Ta2O12, this

increases the lithium-lithiumdistance from 2.0 Å to 2.4 Å.95 Throughout the se-

ries, a correlation is observed between the occupancy of the tetrahedral site and

percentage of octahedral sites that are displaced. For example, for G = 1.6, the

occupancy of the tetrahedral site is 56.8%, with 57% of the lithium ions in oc-

tahedral sites being displaced. As the lithium content is increased, the lithium

shifts from predominantly occupying the tetrahedral site (G = 0) to favouring

the octahedral site (G = 1.6), in order to minimise the unfavourable lithium-

lithium distances. In Li6.6La1.4Ba1.6Ta2O12, the occupancy of the tetrahedral

and displaced octahedral sites are such that short lithium-lithium distances

must be present in the material, resulting in either clustering of lithium or the
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Figure 3.1: (a) The crystal structure of Li5La3M2O12.94 (b) An expansion of
the lithium sites in the Ia3̄d structure of Li5La3M2O12 demonstrating how
the occupation of neighbouring tetrahedal (Li1) and octahedral (Li2) lithium
sites results in a displacement of the octahedral site (Li3).

formation of lithium dimers. It is believed that the destabilising nature of these

displaced octahedral sites may lead to their increased mobility.96

Monovalent alkali metal substitution for Li5La3Nb2O12 has also been re-

ported, with the successful substitution of potassium onto the lanthanum sites

of the niobium-based garnet. This results in an increase in the ionic conductiv-

ity to 6 × 10−5 S cm−1 at 50 ◦C for G = 0.25.182 Futhermore, during the course of

the work presented here, Peng et al. reported successfully doping with sodium

via sol-gel methods that resulted in a slight increase in ionic conductivity from

0.85 to 1.6 × 10−4 S cm−1 for Li6.4La2.3Na0.7Nb2O12.183 However, the link be-
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tween the affects monovalent alkali metal substitution has on the structure and

ion mobility are less well understood.

It is vital to understand the complex relationship between structure and

functionality if lithium-ion conductors are to be improved and optimised for

use as solid electrolytes. In particular, compositional changes, such as cation-

doping, can severely affect the physical properties of a system and understand-

ing the associated structural changes is essential if better performing materials

are to be discovered. Here, sodium-doped lithium-stuffed garnets in the series

Li5+2xLa3–xNaxM2O12 (G = 0 - 1, M = Nb, Ta) have been prepared and studied

using a powerful combination of PXRD, EIS, solid-stateNMR, and µSR spectro-

scopies, alongside MD and DFT calculations, to determine the precise position

of sodium within the structure and elucidate its effect on the lithium-ion con-

ductivity and the precise mechanisms for lithium ion migration.

3.2 Experimental

3.2.1 Synthesis, 17O Enrichment, and Characterisation

Compounds in the series Li5+2xLa3–xNaxM2O12 (G = 0 - 1, M = Nb, Ta)

were synthesised by our collaborators Dr Ivan Trussov and Professor Peter

Slater at the University of Birmingham using traditional solid state methods.

Stoichiometric amounts of dried Li2CO3 (Alfa Aesar, 99%) and Na2CO3 (Alfa

Aesar, 99%), with 10% excess to compensate for the loss of volatile lithium

and sodium at high temperatures, were mixed with La2O3 (Aldrich, 99.9%)

and Nb2O5 (Alfa Aesar, 99.9%) or Ta2O5 (Alfa Aesar, 99.9%). The resulting

mixture was wet milled using a Zirconia grinding jar and balls with hexane

as the solvent in a Fritsch Pulverisette 7 planetary ball mill. After the solvent

evaporated, the powder was heated up to 700 ◦C for 12 hours. The resulting

mixture was then reground in the ball mill and pressed into a pellet before

sintering under a layer of mother powder at 900 ◦C for 12 hours.
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All samples were characterised via XRD at the University of Birmingham

using a Panalytical Empyrean diffractometer in Bragg-Brentano geometry with

Cu Kα radiation, λ = 1.5406 Å. Data was collected between 2θ = 15 - 145°. All

XRD data were refined by our collaborators using the Rietveld method in the

TOPAS software package.184

The niobium-containing samples were enriched for 17O NMR experi-

ments via post synthetic gas exchangemethods by our collaborators DrArantxa

Fernandes, Miss Suzi Pugh, and Professor Sharon Ashbrook at the University

of St Andrews. Each sample was prepared by condensing ∼0.03 L of 17O(g)

(Cortecnet, 70%) over ∼0.2 g of sample in a pre-evacuated quartz vial and

heated at 800 ◦C for 48 hours. A ramp rate of 5 ◦C min−1 was used for heating

and cooling.

Samples of Li5La3Nb2O12 and Li5.8La2.6Na0.4Nb2O12 were prepared via

sol-gel methods. Stoichiometric amounts of LiOH, with 10% excess, were

mixed with Na2CO3, La(CH3CO2)3 · xH2O, and Nb2O5 or Nb(OC2H5)5. The

exact synthetic method used was varied in order to optimise the quantity of

the garnet phase produced. For the data presented here, 1 g oxalic acid in

50 mL of water was stirred until a homogeneous clear solution was obtained.

The reagents, LiOH, La(CH3CO2)3 · xH2O, and Nb2O5 were then combined

with 5.558 g of the complexing agent ethylenediaminetetraacetic acid (EDTA),

before being added to the solution. The entire mixture was stirred and heated

until a dry gel was obtained. This gel was then heated at 750 ◦C for 6 hours (2
◦C min−1). The resulting powder was then reground and heated at 750 ◦C for

a further 4 hours (2 ◦C min−1).

Samples synthesised via sol-gel methods were characterised via XRD at

Durham University using a Bruker d8 Advance diffractometer with Cu Kα

radiation, λ = 1.5406 Å. Data was collected between 2θ = 10 - 70° in 0.02° steps
(1.5 s per step).
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3.2.2 Electrical Impedance Spectroscopy

Samples in the series Li5+2xLa3–xNaxM2O12 (G = 0 - 0.6, M = Nb, Ta)

were analysed via electrochemical impedance spectroscopy, at the University of

Birmingham. 10 mm pellets (∼0.1 g) were produced by sintering the prepared

sample at 900 ◦C for 12 hours. Each pellet was then coated with silver ink (on

both sides) and dried at 150 ◦C for 2 hours. Impedance measurements were

collected in air, upon cooling, using a HP 4204 impedance analyser from 5 -

1.3 × 107 Hz over the temperature range 298 - 573 K. The data obtained was

analysed using the ZView software package.185

3.2.3 DFT Calculations

All DFT calculations were performed using the Vienna ab initio simula-

tion package (VASP).186 A plane-wave cut-off energy of 520 eV, the projector

augmented wave method,187 and PBE exchange-correlation functional were

used. The k-space was sampled with a k-point mesh spacing smaller than 0.05

Å−1. Structural optimisation was performed until the residual force on each

atom was smaller than 0.03 eVÅ−1. The calculations were performed on the

88-atom primitive cell of Li5La3M2O12 (M = Nb, Ta) containing four formula

units.

Defect formation energies (∆�f) for sodium doping of Li5La3M2O12 (M =

Nb, Ta) were determined using

∆�f = �def − �pure −
∑
8

∆=8µ8 , (3.1)

where �def and �pure are the total energies of the defective system and perfect

reference cell, respectively. The final terms define the contribution of the

chemical potentials of each atomic species; ∆=8 is the number of atoms of

element 8 added or removed, whilst µ8 represents its chemical potential. In

this case, the chemical potentials of lithium, sodium, and lanthanum were
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calculated using metallic lithium, sodium, and lanthanum, respectively.

3.2.4 MD Simulations

MDsimulationswere completed forLi5La3Nb2O12, Li5.4La2.8Na0.2Nb2O12,

Li5.8La2.6Na0.4Nb2O12, Li4.6Na0.4La3Nb2O12, and Li4.8Na0.2La3Nb2O12. The po-

tential model of Jalem et al.,188 developed for Li7La3Zr2O12, was used in con-

junction with a Nb-O potential from Woodley et al.189 and a Na-O potential

from Bush et al.190 Partial valence charges of 0.7, 2.1, 3.5, and −1.4 were used for

lithium and sodium, lanthanum, niobium, and oxygen, respectively. A cut-off

of 12 Å was applied to all interatomic potentials.

All MD calculations used the LAMMPS (Large-scale Atomic/Molecular

Massively Parallel Simulator) code.191 Sufficiently long MD runs of 10 ns were

completed using a time step of 1 fs with supercells of >11000 ions. The simu-

lations were carried out over a temperature range of 500 - 1000 K at intervals of

100 K using the NVT ensemble with a Nose-Hoover thermosat,192 with initial

equilibration performed using the NOT ensemble for several nanoseconds.

Self-diffusion data for lithium was obtained from a mean squared dis-

placement (MSD) analysis according to

〈A2
8 (C)〉 = 6�LiC , (3.2)

where 〈A2
8
(C)〉 is the MSD, �Li is the diffusion coefficient, and C is the time taken

by the simulation.

Both the DFT calculations and MD simulations were carried out in col-

laboration with Dr James Dawson and Professor Saiful Islam at the University

of Bath.

3.2.5 Muon Spin Relaxation Spectroscopy

Muon spin relaxation studies were performed on the niobium-containing

garnets using both the HiFi andMuSR instruments on the pulsedmuon source
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at ISIS Neutron and Muon Facility. Samples (∼1 g) were packed into titanium

sample holders with a 23 mm diameter and 1.5 mm thickness before being

sealed with a ∼25 µm thick titanium window. Spin-polarised positive muons

were implanted into the sample and outcoming positrons were detected using

scintillaor arrays. Data were collected at three different applied longitudinal

magnetic fields (0, 5, and 10G) in the temperature range 100 - 600K.Asymmetry

calibrations were completed using a transverse magnetic field for each sample.

This data was analysed using the Mantid Plot software and fitted using the

dynamic Kubo-Toyabe function.173,193

3.2.6 Solid-State NMR Spectroscopy

Solid-state NMR spectra were acquired using Bruker Avance III HD spec-

trometers equipped with either a wide-bore 20.0 T (Bruker), 14.1 T (Bruker),

11.7 (Oxford Instruments), or 9.4 T (Bruker) magnet. The Larmor frequencies

used at each fieldstrength are given in Table 3.1. For MAS NMR experiments,

samples were finely ground and packed into 1.3, 2.5, or 4 mm ZrO2 rotors. The

Table 3.1: The Larmor frequencies for 6,7Li, 17O, 23Na, 93Nb, and 139La at the
different fieldstrengths used.

Larmor Frequency (MHz)
Nucleus 9.4 T 11.7 T 14.1 T 20.0 T

6Li 58.88 73.60 - -

7Li - 194.37 - -

17O - - 81.36 115.23

23Na 105.84 132.29 - -

93Nb - 122.41 - -

139La - 70.60 - -
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MAS rates used range from 10 to 55 kHz. Chemical shifts were referenced to

1 M NaCl(aq), 1 M LiCl(aq), 1 M LaCl3(aq), and H2O(l) for 23Na, 6,7Li, 139La,

and 17O, respectively. For 93Nb MAS NMR spectra, chemical shifts were ref-

erenced to a saturated solution of K[NbCl6] in CH3CN, carried out using the

proton signal of neat TMS-CDCl3 and the convention stated in reference 136.

All spectral analysis and fitting was performed in TopSpin.194

Conventional 6Li, 7Li, 23Na, and 93Nb MAS NMR spectra were obtained

at 11.7 T using single pulse experiments with typical radiofrequency (rf) field-

strengths of 63, 52, 138, and 208 kHz, respectively. Two-dimensional 7Li

and 23Na MQMAS NMR spectra were obtained using a four pulse, split-C1,

z-filter sequence.150,195 Final central transition selective pulses with rf field-

strengths of 8 and 11 kHz were used for 7Li and 23Na at 11.7 T and 16 kHz

for 23Na at 9.4 T. Two-dimensional 23Na EXSY NMR spectra were obtained for

Li5.8La2.6Na0.4Ta2O12 at 11.7 T using a 90 - C1 - 90 - Cmix - 90 pulse sequence160

and a rf fieldstrength of 125 kHz. The mixing time (Cmix) was varied from 75 to

500 ms.

Static wideline 139La NMR spectra were acquired for the tantalum-based

seriesusing the frequency-steppedWURST-QCPMGpulse sequence,154,155with

a 50 µs WURST pulse swept over 1 MHz (sweep rate of 20 MHz ms−1) and a

recycle interval of 0.1 s. The individual sub-spectra obtainedwere Fourier trans-

formed before the magnitude of each sub-spectrum were co-added together to

produce the final spectrum.

Variable-temperature static 6LiNMRstudies ofLi5.8La2.6Na0.4Ta2O12were

carried out at 9.4 T. The sample was packed into a 5 mm glass NMR tube and

placed into a Bruker 5.0 mm X static probe equipped with a horizontal coil.

Each spectrum was acquired using a Hahn-echo pulse sequence (90x - τ - 180y)

with a rf fieldstrength of 50 kHz and echo delay of 5 µs, over the temperature

range 299 - 626 K. All quoted temperatures were calibrated using lead nitrate

and reflect the true temperature of the sample during the experiment.
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17O MAS NMR studies were performed at the University of St Andrews

(14.1 T) and the UK High Field Solid-State NMR Facility (20.0 T) at the Uni-

versity of Warwick. 17O MAS NMR spectra were acquired at 20.0 T for

Li5La3Nb2O12, Li5.4La2.8Na0.2Nb2O12, and Li5.8La2.6Na0.4Nb2O12 using single

pulse experiments with a short flip angle of 15° relative to a 90° pulse for H2O

(l) with a rf fieldstrength of 83 kHz.

In all cases, specific acquisition information, e.g., recycle intervals, num-

ber of transients, etc., are given in the relevant figure caption.

3.3 Sodium-doped Li5La3M2O12

Samples in the series Li5+2xLa3–xNaxM2O12 (G = 0 - 1, M = Nb, Ta) were

synthesised and initially characterised via PXRD (Figure 3.2). The PXRD pat-

tern for both parent systems exhibit the reflections expected for Li5La3M2O12.

As the sodium content is increased there is a slight shift in the peak positions,

as expected. For G = 0.2 and 0.4 samples no additional peaks are observed,

suggesting no impurity phases are produced. However, for the G = 0.6 - 1.0

samples, peaks belonging to impurity phases are observed. The absence of any

additional peaks in the PXRD pattern suggests sodium is successfully incorpo-

rated into the garnet structure up to G = 0.4. Beyond this, 5 Li2O ·M2O (M=Nb,

Ta) is consistently formed as an impurity phase, as illustrated in Figure 3.2. To

investigate how the structure and lattice parameters vary with sodium content,

Rietveld refinements of the PXRD data were obtained for both the niobium-

and tantalum-based systems and are shown in Figure 3.3. Each refinement is in

good agreement with previous literature and the reported Ia3̄d structure. The

refined parameters are given in Table 3.2, alongside the GOF for each refine-

ment. The low GOF values indicate that the proposed Ia3̄d structure is a good

model. However, it is noted that, as the sodium content is increased, the GOF

values increases. This may be indicating subtle structural changes occurring

upon subsitution. As sodium is substituted into the structure a decrease in the
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(a)

(b)

Figure 3.2: Powder X-ray diffraction patterns obtained for (a)
Li5+2xLa3–xNaxNb2O12 and (b) Li5+2xLa3–xNaxTa2O12. The presence of im-
purity phases for samples with x > 0.4 are denoted by *.
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(d)

(a)

(b)

(c)

Figure 3.3: Rietveld refinements of the PXRD data obtained for (a)
Li5.4La2.8Na0.2Nb2O12 (GOF = 1.609), (b) Li5.8La2.6Na0.4Nb2O12 (GOF = 1.701),
(c) Li5.4La2.8Na0.2Ta2O12 (GOF = 1.546), and (d) Li5.8La2.6Na0.4Ta2O12 (GOF =
2.074).
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Table 3.2: The lattice parameters, fractional occupancies, and goodness of fit
(GOF) values obtained for Li5+2xLa3–xNaxM2O12 from Rietveld refinement
of PXRD data.

M x a (Å) La Occupancy Na Occupancy GOF

Nb

0.0 12.8226(1) 1 0 1.486

0.2 12.8011(2) 0.939 (5) 0.061(5) 1.609

0.4 12.7931(1) 0.921(5) 0.079(5) 1.701

0.6 12.7949(1) 0.875(3) 0.125(3) 1.673

0.8 12.7950(1) 0.872(5) 0.128(5) 1.839

1.0 12.7967(1) 0.865(4) 0.135(4) 2.114

Ta

0.0 12.8375(1) 1 0 1.641

0.2 12.8278(1) 0.969(3) 0.031(3) 1.546

0.4 12.8034(1) 0.884(3) 0.116(3) 2.074

0.6 12.8023(1) 0.867(4) 0.133(4) 2.540

0.8 12.8023(1) 0.877(4) 0.123(4) 2.439

1.0 12.8036(1) 0.877(5) 0.123(5) 3.731

unit cell parameters occurs up to G = 0.4 (Figure 3.4(a)). This decrease in lattice

parameterswas also recently observed byPeng et al.183 This is unexpectedwhen

you compare the size of the sodium and lanthanum ions. Based on the reported

structure, the sodium ion is expected to subsitute onto the eight-coordinate lan-

thanum site. However, the ionic radius of a sodium ion in an eight-coordinate

environment (1.18 Å) is slightly larger than that of lanthanum in the same en-

vironment (1.16 Å).196 To confirm that sodium has actually been incorporated

into the structure and that the samples are not simply lanthanum deficient,
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Figure 3.4: Variation in theunit cell parameter, a, with (a) the sodiumcontent,
x, and (b) the refined Na occupancy on the La site. In (c), the variation of the
refined Na occupancy with the expected composition based on the amount
of Na added. The dashed line in (c) represents the expected ratio. In some
cases, the error bars are so small they they are obscured by the data points.
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the samples Li5.8La2.6Nb2O12 and Li5.8La2.6Ta2O12 were also prepared. In both

cases, impurities of mixed lithium-niobium and lithium-tantalum oxides were

observed, as shown in Figure 3.5. This suggests that, up to G = 0.4, sodium is

not only being incorporated into the lithium-stuffed garnet, but it is necessary

in order to stabilise the structure.

To further understand the substitution of sodium into the structure and,

specifically confirm its substitution onto the lanthanum site, the fractional

occupancies of the sodium and lanthanum sites were refined (Figure 3.4(b) and

(c)) with the assumption that the sum of the occupancies equals one. Initially,

an increase in the occupancy of sodium on the lanthanum site is observed,

alongside a decrease in the unit cell parameters. However, beyond a refined

sodium occupancy of ∼0.12 on the lanthanum site, the unit cell parameter

remains constant. It is noted that this corresponds to samples with G > 0.4,

where impurities are observed in the PXRD pattern. Hence, these samples are

not believed to be stoichiometric. It is important to note that the refined sodium

content on the lanthanum site is lower than expected (Figure 3.4(c)), suggesting

that not all of the sodium is being substituted onto the lanthanum site. There

(a)

(b)

Figure 3.5: Powder X-ray diffraction patterns for (a) Li5.8La2.6Nb2O12

and (b) Li5.8La2.6Ta2O12 indicating the presence of impurities. In
both cases, the PXRD pattern for the equivalent sodium-doped sample,
Li5.8La2.6Na0.4Nb2O12 or Li5.8La2.6Na0.4Ta2O12, are shown for comparison.
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are two possible reasons for this, firstly, some of the sodium could be being

lost during synthesis due to volatilisation at high temperatures. However, in

order to prevent this fromoccurring, excess sodiumand lithium carbonate have

been used during synthesis. Secondly, some of the sodium could be occupying

additional sites within the unit cell. Hence, it is important to understand

precisely where in the structure the sodium is being substituted as it could

have a significant affect on the observed physical properties.

As a result, a comprehensive study, utilising a wide range of complemen-

tary techniques, has been undertaken in order to accurately locate the sodium

within the structure and determine its influence on the physical properties of

the material. Specifically, 6,7Li and 23Na MAS NMR spectroscopy have been

used to probe the local environment of the lithium and sodium within the

structure and provide information regarding precisely where the sodium is

being incorporated into the structure. EIS and µSR spectroscopy have been

used in conjunction with variable-temperature 6Li NMR and 23Na EXSY exper-

iments to study the ion mobility of the system and determine how it is affected

by sodium doping. Combining these complementary techniques with DFT

calculations and MD simulations has enabled a further understanding of the

incorporation of sodium into the lithium-stuffed garnet structure.

3.3.1 Locating Sodium via 23Na MAS NMR Studies

To gain an understanding of where sodium is being substituted into the

structure, the sodium environment was studied directly via 23Na (� = 3/2)

MAS NMR spectroscopy. Based on previous literature, sodium is expected

to be substituting onto the eight-coordinate site. If this is the case, a single

resonance is expected in the 23NaMAS NMR spectrum. However, if sodium is

occupying additional siteswithin the structure, as suggested by the PXRDdata,

multiple resonances will be observed. The 23Na MAS NMR spectra obtained

for Li5+2xLa3–xNaxM2O12 (G = 0.2, 0.4, M=Nb, Ta), are shown in Figures 3.6 and
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3.7. In all cases, a relatively broad lineshape, exhibiting a few distinct features

is observed, suggesting either the presence of multiple overlapped resonances

or disordering. Given the broad nature of these spectra it is challenging to

determine precisely how many crystallographically distinct sodium sites are

present.

As 23Na is a quadrupolar nucleus, lineshapes tend to exhibit broaden-

ing as a result of inefficient removal of the second-order quadrupolar inter-

action under conventional MAS conditions. For this reason, high-resolution

NMR techniques such as MQMAS are required to resolve distinct sites (vide

supra). Here, such methods were used to study the series of sodium-doped

lithium-stuffed garnets, Li5+2xLa3–xNaxM2O12. The 23Na MQMAS NMR spec-

tra obtained for Li5.4La2.8Na0.2Nb2O12 and Li5.8La2.6Na0.4Nb2O12 are shown in

Figures 3.6(a) and (b), respectively, and those obtained for Li5.4La2.8Na0.2Ta2O12

and Li5.8La2.6Na0.4Ta2O12 are shown in Figures 3.7(a) and (b), respectively. For

both theniobium-and tantalum-based systems, twodistinct sodiumresonances

are observed for the G = 0.2 sample. However, when the sodium content is in-

creased to G = 0.4, an additional sodium resonance is observed. The presence of

an additional sodium site in the G = 0.4 sample suggests significant structural

changes are occurring as a result of more sodium being introduced into the

system. The presence of multiple sites is unexpected as, based on previous

literature, the sodium is expected to substitute solely onto the lanthanum site.

Figures A.1 and A.2 show the lineshapes extracted for each of the reso-

nances in theMQMAS spectra. It is noted that, as the sites have similar chemical

shifts, there is a lack of resolution in the indirect dimension and some of the

sites are present in the extraction of more than one ridge. Both the extracted

lineshapes and the isotropic projections exhibit broadening which suggests

the possible presence of disorder. Disordering of sodium within the structure

would result in a distribution of similar sites which often results in broadened

lineshapes. Unfortunately, as a number of the extracted lineshapes lack any
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Figure 3.6: The 23Na MAS and MQMAS (11.7 T) NMR spectra obtained for
(a) Li5.4La2.8Na0.2Nb2O12 and (b) Li5.8La2.6Na0.4Nb2O12. The MQMAS NMR
spectra are the result of averaging (a) 2304, and (b) 576 transients with a
recycle interval of 0.4 s for each of the (a) 72 and, (b) 48 increments of 10 µs.
All spectra were acquired using a MAS rate of 10 kHz.
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Figure 3.7: The 23Na MAS and MQMAS (11.7 T) NMR spectra obtained for
(a) Li5.4La2.8Na0.2Ta2O12 and (b) Li5.8La2.6Na0.4Ta2O12. The MQMAS NMR
spectra are the result of averaging (a) 2304 and (b) 3456 transients with a
recycle interval of 0.4 s for each of the (a) 72 and (b) 48 increments of 10 µs.
All spectra were acquired using a MAS rate of 10 kHz.
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distinct features it is not possible to accurately simulate them to obtain the cor-

responding quadrupolar parameters. Hence, the centre of gravity method was

used for each resonance observed in theMQMAS spectrum, which are detailed

in Table 3.3. The G = 0.2 samples both contain two sites, Na1 and Na2. For

both the niobium- and tantalum-based systems, Na1 has a larger quadrupolar

product, 〈%Q〉 = 1.4 and 0.9 MHz (M = Nb, Ta), than Na2, 〈%Q〉 = 0.5 MHz (M =

Nb, Ta). This suggests that Na1 is of lower symmetry than Na2. Additionally,

in both systems, Na1 has a lower chemical shift than Na2. For the niobium-

based system, the NMR parameters remain constant as the sodium content is

Table 3.3: 23Na (11.7 T) NMR parameters obtained for Li5+2xLa3–xNaxM2O12

(G = 0.2, 0.4, M = Nb, Ta). All parameters were obtained from the position of
the centre of gravity (δ1,δ2) of the resonance.

M x Site 〈δ1〉 (ppm) 〈δiso〉 (ppm) 〈PQ〉 (MHz)

Nb

0.2
Na1 −5.1(2) −4.5(2) 1.4(1)

Na2 7.7(3) 2.2(3) 0.5(2)

0.4

Na1 −5.1(2) −4.5(2) 1.4(1)

Na2 10.5(4) 2.8(4) 0.7(3)

Na3 18.4(2) 1.5(2) 1.8(1)

Ta

0.2
Na1 0.5(1) −1.0(1) 0.9(1)

Na2 8.0(3) 2.3(3) 0.5(1)

0.4

Na1 −2.0(2) −3.4(2) 1.3(1)

Na2 9.3(3) 2.4(3) 0.7(1)

Na3 20.2(3) 2.1(3) 1.8(2)
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increased to G = 0.4. The additional site present in this sample, Na3, has a

slightly larger quadrupolar product, 〈%Q〉 = 1.8 MHz, than Na1 and a chemical

shift, δ = 1.5 ppm, which is closer to that of Na2. For the tantalum-based sys-

tem, as the sodium content increases from G = 0.2 to G = 0.4, a change in NMR

parameters are observed for Na1, specifically the chemical shift decreases to δ

= −3.4 ppm and the quadrupolar product increases to 〈%Q〉 = 1.3 MHz. These

values are similar to those observed for Na1 in both the niobium-containing

samples. The third site present in this sample, Na3, has a chemical shift similar

to Na2, δ = 2.1 ppm, and 〈%Q〉 = 1.8 MHz. It is noted that the Na3 site in both

the niobium- and tantalum-based systems have the largest 〈%Q〉 and, thus, the

lowest symmetry.

In an attempt to resolve the resonances further,MQMAS spectrawere also

acquired at 9.4 T (Figure 3.8). As illustrated by Equation 2.44, the second-order

quadrupolar interaction and, thus, �Q is inversely dependant on the Larmor

frequency and, as a result, the external magnetic fieldstrength. Conversely, the

chemical shift is directly proportional to �0 (Equations 2.21 and 2.22). Hence,
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Figure 3.8: The 23Na MQMAS spectra obtained for Li5.8La2.6Na0.4Ta2O12 ac-
quired at 9.4 T. TheMQMAS spectrum is a result of averaging 2304 transients
with a recycle interval of 0.4 s for each of the 48 increments of 20 µs. A MAS
rate of 10 kHz was used.
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depending on which interaction is dominant in the system, the resolution can

be improved by varying the fieldstrength used. Unfortunately, in this case,

acquiring a spectrum at lower fieldstrength was not particularly useful as the

sites remained overlapped. This suggests that the quadrupolar interaction is

dominant in these systems, making it challenging to accurately resolve the

distinct sites present using conventional fieldstrengths. It may be possible to

resolve these sites further using a higher fieldstrength, e.g., 20.0 T.However, this

is outside the current body of work. Furthermore, any disordering present will

likely result in a distribution of parameters thatwillmake it equally challenging

to resolve the distinct sites.
23Na chemical shifts are well reported in the literature for a range of

sodium-based systems.152,197,198 Table 3.4 highlights the chemical shifts ex-

pected for sodium in a four-, five-, and six-coordinate environments for oxide-

based materials. In the case of Li5+2xLa3–xNaxM2O12, based on the reported

crystal structure and the expected site of substitution, an eight-coordinate

sodium environment is expected. However, to date, very little has been re-

ported regarding eight-coordinate sodium sites. Dirken et al. suggest that such

sites exhibit isotropic chemical shifts below −8 ppm.197 Based on the isotropic

chemical shifts obtained for each of the sodium sites observed here, the sodium

is believed to be in multiple octahedral environments. Upon closer inspection,

Table 3.4: Reported 23Na isotropic chemical shifts, δiso, for four-, five-, and
six-coordinate sodium environments in oxide-based systems.152,197,198

Sodium Environment Reported Isotropic Chemical Shift (ppm)

4-coordinate Above 26

5-coordinate 8 - 25

6-coordinate Below 15
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the lanthanum site within the Ia3̄d structure is mildly distorted, whilst being

nominally eight-coordinate, it is mildly distorted owing to its partial displace-

ment off centre. This results in two different La-O bond lengths of 2.486 and

2.588 Å (Figure 3.9).94 Hence, it is possible that when sodium is substituted

onto this nominally eight-coordinate site, it is occupying a distorted octahedral

environment.

The 23Na MQMAS NMR data appears to be in good agreement with the

PXRDdata. The presence of a six-coordinate sodium environment, as observed

in theMQMASNMRdata, supports the observed decrease in unit cell parame-

ter. Unlike the ionic radius of eight-coordinate sodium, in six-coordinate envi-

ronments the ionic radius of sodium (1.02 Å) is smaller than that of lanthanum

(1.03 Å).196 This is, however, in contrast to previous literature on potassium-

doped systems and recent studies of sodium-doped systems in which sodium

was reported to be successfully doped onto solely the lanthanum site.182,183

Within the Ia3̄d structure, there are two additional octahedral environments,

the niobium or tantalum and lithium sites. It is possible for sodium to oc-

cupy either of these sites. However, the ionic radius of six-coordinate sodium

is greater than that of lithium (0.76 Å) and even larger than that of niobium

(0.64 Å) and tantalum (0.64 Å).196 Additionally, refinement of the niobium site

occupancy for the PXRD data displays no evidence for sodium incorporation.

A

A

A

A

B B

B B

A = 2.486 Å
B = 2.588 Å

La

Li

O

Figure 3.9: The local coordination environment of lanthanum within the
Ia3̄d structure of Li5La3M2O12 with the La-O bond lengths highlighted.
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Hence, based on the data obtained, it suggests that sodium is most likely sub-

stituting onto the octahedral lithium site, in addition to the desired lanthanum

site. The potential presence of sodium on the niobium or lithium site can be

investigated indirectly via 93Nb and 6,7Li MAS NMR spectroscopy.

3.3.2 93NbMAS NMR Studies

Since, one of the systems of interest contains niobium, 93Nb MAS NMR

studies were completed to investigate the niobium environment and determine

how it is affected by sodium substitution. It is noted that the acquisition of
93Nb (� = 9/2) NMR data can be challenging as its large quadrupolar moment

(−32.0 fm2) can result in broad lineshapes.199–201 93Nb MAS NMR spectra for

Li5La3Nb2O12, Li5.4La2.8Na0.2Nb2O12, and Li5.8La2.6Na0.4Nb2O12 are shown in

Figure 3.10. In all cases, a single quadrupolar lineshape is observed, whichwas

simulated and fitted to obtain the corresponding NMR parameters (Table 3.5).

The presence of a characteristic quadrupolar lineshape for each system suggests

there is a single niobium site present in each, with very little or no disordering.

Whenfitting the lineshape, a small amount ofCSAwasneeded to to successfully

simulate the lineshape. In all cases, the low values of ηQ and κ obtained suggest

that both the EFG and CSA tensors are close to being axially symmetric (ηQ =

0 and κ = − 1). The presence of a single axially symmetric site is in agreement

with the Ia3̄d structure, which contains a single octahedral niobium site. As

sodium is substituted into the structure, no noticeable differences are observed

in the 93NbMAS NMR spectra, suggesting very little affect on the the niobium

environment. If sodium was substituting directly onto the niobium site, there

would likely be some very notable changes in the lineshape, i.e., significant line

broadening indicative of disorder. As the quadrupolar nature of the lineshape

is retained across the series, this is further evidence that the sodium ions do

not substitute onto the niobium site. Hence, the additional octahedral sodium

sites are likely to be a result of the sodium substituting onto the lithium site.
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Figure 3.10: The 93Nb (11.7 T) MAS NMR spectra obtained for (a)
Li5La3Nb2O12, (b) Li5.4La2.8Na0.2Nb2O12, and (c) Li5.8La2.6Na0.4Nb2O12. Each
spectrum is the result of averaging (a, b) 24256, and (c) 15360 transients with
an optimised recycle interval of 0.4 s. A MAS rate of 10 kHz was used and
spinning sidebands are denoted by *.
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Table 3.5: 93Nb NMR parameters obtained for Li5+2xLa3–xNaxNb2O12 (G = 0
- 0.4).

x δiso (ppm) CQ (MHz) ηQ Ω (ppm) κ

0 −994(1) 12.0(2) 0.16(4) 219(2) −0.9(1)

0.2 −993(1) 12.1(2) 0.18(4) 212(2) −0.9(1)

0.4 −994(1) 12.0(2) 0.10(2) 220(2) −0.9(1)

3.3.3 6,7Li MAS NMR Studies

Togain agreaterunderstandingof the lithiumenvironment in the sodium-

doped lithium-stuffed garnets, 6,7Li NMR studies were carried out. The 7Li (� =

3/2)MASNMRspectra acquired for Li5+2xLa3–xNaxM2O12 (G =0.2, 0.4,M=Nb,

Ta) are shown in Figure 3.11, where, in each case, a single broad resonance is ob-

served. This suggests the presence of a single lithium site in each sample, which

is in contrast to the reported crystal structure where three crystallographically

distinct lithium sites are reported: two octahedral sites (one regular and one

displaced) and one tetrahedral lithium environment.94,95 It must be noted that

lithium is reported in the literature to have a narrow chemical shift range of just

a few ppm. Furthermore, lithium tends to occupy sites that are associated with

lowvalues of�Q. As a result, it can be difficult to resolve individual resonances,

especially those corresponding to very similar lithium environments.126 Table

3.6 lists the isotropic chemical shift ranges reported for tetrahedral and octahe-

dral lithium environments.202,203 The lineshapes observed in the 7LiMASNMR

spectra are broad (FWHM= 490 - 650 Hz) and span a large chemical shift range

(5 to −2 ppm) covering the expected chemical shift values for both tetrahedral

and octahedral environments. This is likely the result of multiple overlapped

sites and/or the presence of disordering.

To try and resolve the lineshapes and determine the number of crystal-
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Figure 3.11: The 7Li MAS and MQMAS (11.7 T) NMR spectra obtained for
(a) Li5.4La2.8Na0.2Nb2O12, (b) Li5.8La2.6Na0.4Nb2O12, (c) Li5.4La2.8Na0.2Ta2O12,
and (d) Li5.8La2.6Na0.4Ta2O12. The MQMAS NMR spectra are the result of
averaging 96 transients with a recycle interval of 6 s for each of the 128
increments of 25 µs. All spectra were acquired using a MAS rate of 10 kHz.

lographically distinct lithium sites present, MQMAS methods were employed.

However, these were somewhat unsuccessful as the 7Li MQMAS NMR spectra

obtained also display a single broad resonance (Figure 3.11). Hence, determin-

ing the NMR parameters associated with this broad resonance is challenging.

An approximate value of �Q can be obtained by fitting the lineshape of the 7Li

MAS NMR spectrum. Relatively small values of �Q are obtained for both the
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Table 3.6: Reported 6Li isotropic chemical shifts, δiso, for tetrahedral and
octahedral lithium environments in oxide-based systems.202,203

Lithium Environment Reported Isotropic Chemical Shift Range (ppm)

tetrahedral 0 - 3

octahedral −1 - 0

niobium-based (1.23 MHz) and tantalum-based garnets (1.11 MHz). The 7Li

MAS NMR data presented suggests that the local environment of each lithium

site is very similar. In particular, the relatively small values of �Q, in addition

to the narrow chemical shift range of lithium, make it challenging to accu-

rately differentiate between each predicted site. Furthermore, the presence of a

broadened lineshapes, in both the MAS spectrum and the isotropic projection,

suggests disordering across the lithium sites. It is noted that the individual

lithium sites are also challenging to distinguish using XRD techniques. The

X-ray scattering power of the lithium ions in the system is small compared to

the other ions present, including lanthanum, niobium, and tantalum. Hence,

precisely locating the lithium ions via PXRD is very challenging. For the parent

system, neutron diffraction methods, where the scattering power is not related

to the electron density, were required to accurately determine the location of

lithium across multiple lithium sites, as reported in literature.94,95

Both isotopes of lithium can be studied using NMR spectroscopy. Typi-

cally, 7Li is preferred due to its high natural abundance (92.5%). However, its

large quadrupole moment (−4.01 fm2) can give rise to very broad resonances

for lithium sites in low symmetry environments. If this is the case, 6Li (� = 1) is

preferred owing to its smaller quadrupolemoment (−0.08 fm2), which results in

narrower lineshapes and canoften enable overlapped resonances to be resolved.

Hence, to try and resolve the overlapped lithium sites in Li5+2xLa3–xNaxM2O12

(M =Nb, Ta, G = 0.2, 0.4), 6LiMASNMRdatawas acquired and the correspond-
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ing spectra are shown in Figure 3.12. Similar to the 7Li MAS NMR studies, a

single broad resonance is observed, indicative of a single lithium site. It is

noted that there is a slight decrease in chemical shift as the sodium content

is increased from G = 0.2 to G = 0.4. For the niobium-containing garnets, the

chemical shift decreases from δ = 0.96 ppmwhen G = 0.2 to δ = 0.76 ppm when

G = 0.4. Similarly, a decrease from δ = 0.98 ppm to δ = 0.75 ppm is observed

for the tantalum-containing garnets. This suggests that increasing the sodium

content results in very subtle changes to the lithium environment, which are,

in turn, extremely challenging to accurately characterise.

The lineshapes were fitted to obtain estimates of the corresponding NMR

parameters (Table 3.7). The values of �Q are small (< 1 MHz) suggesting that

the lithium environment is highly symmetrical. When inspected in further

detail, it is noted that a very slight tail towards lower chemical shift is observed

in the 6Li MAS NMR spectrum for Li5.8La2.6Na0.4Nb2O12. This could be in-

dicating disordering or a contribution from octahedral lithium environments.

However, it is not possible to deconvolute the lineshape to determine the ex-

act contribution from each lithium site. Using all of the 6,7Li solid-state NMR

data presented thus far, it is not possible to resolve the crystallographically

distinct lithium sites. This suggests that the lithium sites in the Ia3̄d structure

have local environments that can not be distinguished by NMR spectroscopy.

Furthermore, based on the degree of broadening observed, there is likely to be

some disordering across the lithium sites. These lineshapes are consistent with

other solid-state NMR studies of related lithium-stuffed garnets, where sites

have been shown to be overlapped.102,104,204

To determine if these findings are unique to solely the sodium-doped sys-

tem, the calcium-doped lithium-stuffed garnet, Li6La2CaNb2O12,204 was also

investigated via 6Li MAS NMR. The corresponding 6Li MAS NMR spectrum

is shown in Figure 3.12(c), where, again, a single broad resonance is observed

at δ = 0.85 ppm. A small shoulder is observed at δ ≈ 0.21 ppm. Although
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Figure 3.12: The 6Li (11.7 T)MASNMR spectra for (a) Li5+2xLa3–xNaxTa2O12,
(b) Li5+2xLa3–xNaxNb2O12, and (c) Li6La2CaNb2O12. Spectra are the result of
averaging 64 transients with a recycle interval of (a, b) 30 s, and (c) 50 s. In
(a) and (b), spectra are shown for both the G = 0.2 and 0.4 compositions. A
MAS rate of 10 kHz was used in all cases.
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Table 3.7: 6Li NMR parameters obtained by fitting the individual spectra
obtained for Li5+2xLa3–xNaxM2O12 (G = 0.2, 0.4, M = Nb, Ta).

M x δiso (ppm) CQ (MHz) ηQ

Nb
0.2 0.96(1) 0.10(1) 0.27(13)

0.4 0.76(1) 0.11(1) 0.26(9)

Ta
0.2 0.98(1) 0.12(1) 0.16(9)

0.4 0.75(1) 0.13(1) 0.18(11)

there is insufficient resolution to successfully separate out any distinct sites,

based on its chemical shift, this shoulder could be indicative of lithium in an

octahedral environment. The inability to resolve any of the expected lithium

sites in the calcium-doped system confirms that it not possible to differentiate

lithium environments in Li5La3M2O12-based garnets using these methods.

3.3.4 DFT Calculations

Complementary DFT calculations were carried out to assist in determin-

ing the preferred site for sodium substitution within the lithium-stuffed garnet

structure. To do this, the defect formation energies were calculated for the

substitution of one sodium cation onto either the lanthanum or lithium site of

the 88-atom primitive cell of Li5La3M2O12 (M = Nb, Ta). This is equivalent to

the compositions Li5.5La2.75Na0.25M2O12 and Li4.75Na0.25La3M2O12. The defect

energies calculated for each system are given in Table 3.8. The calculated lattice

parameters for Li5La3Nb2O12 and Li5La3Ta2O12, 12.854 and 12.977 Å, were in

good agreement with those obtained from PXRD data.

In order for a substitution to be favourable, the defect formation energy

must be low. In the comprehensive study of cation-doping in LLZO, an energy
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Table 3.8: Calculated defect energies for the substitution of sodium onto the
lanthanum and lithium site of Li5La3M2O12 (M=Nb, Ta) using ab initioDFT
calculations.

Defect Formation Energy (eV)
M = Nb M = Ta

Li5.5La2.75Na0.25M2O12 0.43 1.41

Li4.75Na0.25La3M2O12 2.03 1.89

of ∼2 eV was used as a cut off for likely substitutions, which corresponds to the

subsitution of tellurium onto the zirconium site.205 The four energies obtained

for the substitution of sodium into Li5La3M2O12 are relatively low. For both the

niobium- and tantalum-based systems substitution onto the lanthanum site has

a lower defect energy, 0.43 and 1.41 eV, respectively. This supports the PXRD

data which suggests that at least some of the sodium is substituting onto the

lanthanum site. This is also in agreement with previous literature183 and DFT

calculations of cation-doped LLZO. However, it is noted that the subsitution of

sodium into LLZO ismost preferrable for the lanthanum site butwas calculated

to have a much higher defect energy of 2.34 eV.205

For the tantalum-based system, the defect energy for the substitution of

sodiumonto the lithiumsite is slightly higher (1.89 eV) than that for substitution

onto the lanthanum site (1.41 eV). However, as the difference in energy is

relatively small, it is possible that sodium is substituting onto both sites, which

would support the additional sodium environments observed in the 23NaNMR

studies. On the other hand, the energy difference between substitution onto the

lanthanum site (0.43 eV) and the lithium site (2.01 eV) is much larger than the

niobium-based system. Additionally, the defect energy associatedwith sodium

substitution onto the lithium site of the niobium-containing garnet is close to 2

eV and, thus, this substitution is much less likely, although not impossible.
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3.4 Probing IonMobility inSodium-DopedLithium-

Stuffed Garnets

Both the PXRD data, calculated defect energies, and 23Na NMR data

presented suggest that sodium is substituting onto the expected lanthanum

site, in addition to other octahedral sites within the lithium-stuffed garnet

structure. As briefly discussed earlier, this could have a significant impact on

the system’s physical properties, particularly as the sodium is believed to be

occupying the octahedral lithium sites. Similar findings have been observed in

other lithium-based ion conductors and, specifically, within the field of solid

electrolytes. For example, when sodium is substituted onto the lanthanum

site of the perovskite LLTO, a decrease in ionic conductivity is attributed to

sodium occupying the lithium sites in the lithium-migration pathway and,

thus, blocking the movement of lithium ions. As a result, the system goes

from being a fast ion conductor (σ ≈ 10−3 S cm−1) to an insulator (σ ≈ 10−10

S cm−1).206 Hence, in such systems, it is important to study the ionmobility and

determine precisely how it is affected by the substitution of different cations

into the structure. In this case, the precise site of sodium substitution in the

lithium-stuffed garnet needs to be determined.

3.4.1 Impedance Measurements

Electrochemical impedance spectroscopy is themost commonly use tech-

nique for measuring the ionic conductivity of an ion conductor, including solid

electrolytes. The use of EIS tomeasure the ionic conductivity of lithium-stuffed

garnets and their doped counterparts is well reported in literature. Similarly,

the increase of ionic conductivity as a result of cation substitution is also well

reported in literature.107–110 Most notably, for these systems, the substitution

of barium onto the lanthanum site is known to result in an increase in ionic

conductivity to 4 × 10−5 S cm−1.107
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To evaluate the ionic conductivity of the series Li5+2xLa3–xNaxM2O12 (G

= 0 - 0.6, M = Nb, Ta), electrochemical impedance measurements were com-

pleted on sintered pellets (∼60% of theoretical density). Unfortunately, it was

not possible to separate out the contributions from the bulk and grain bound-

ary conductivities. Hence, the total conductivities at room temperature are

reported in Table 3.9. It is noted that for samples containing impurities, i.e.,

G > 0.4, the ionic conductivity is lower than single phase samples. The ionic

conductivities of 2.5 × 10−6 and 1.0 × 10−6 S cm−1, measured for Li5La3Nb2O12

and Li5La3Ta2O12, respectively, are in good agreement with those reported

in the literature for samples prepared using conventional solid state synthetic

methods.97 However, they are lower than those recently reported by Peng et

al. for samples made via sol-gel methods.183,207 As sodium is incorporated into

Table 3.9: Room temperature ionic conductivities, σ, estimated dif-
fusion coefficients, DLi, and ion migration activation energies, Ea for
Li5+2xLa3–xNaxM2O12 (x = 0 - 0.6, M = Nb, Ta) obtained from electrochemical
impedance spectroscopy measurements.

M x RT σ (S cm−1) DLi (cm−2 s−1) Ea (eV)

Nb

0 2.5 × 10−6 1.4 × 10−11 0.44

0.2 1.4 × 10−6 7.4 × 10−12 0.50

0.4 1.1 × 10−6 6.1 × 10−12 0.48

0.6 4.8 × 10−7 2.5 × 10−12 0.53

Ta

0 1.0 × 10−6 5.6 × 10−12 0.49

0.2 1.3 × 10−7 6.9 × 10−13 0.54

0.4 4.0 × 10−8 2.1 × 10−13 0.61

0.6 1.0 × 10−8 5.2 × 10−14 0.54
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the structure, the total ionic conductivity decreases by an order of magnitude,

as shown in Table 3.9. Here, unfortunately, the increase in lithium content (via

aliovalent subsitution) does not result in the desired increase in ionic conductiv-

ity. This is in contrast to potassium-, calcium-, and strontium-doped systems in

which an increase was observed.107–109,182 It is noted that in the recent study by

Peng et al., where similar compositions to those studied here were synthesised

using sol-gel methods, samples exhibited an increase in ionic conductivity up

to a sodium content of G = 0.7.183

During the course of this study attempts were made to synthesis sam-

ples of Li5La3Nb2O12 and Li5.8La2.6Na0.4Nb2O12 via sol-gel methods. It was

hoped that comparing the samples prepared by solid state and sol-gel methods

may aid the understanding of why different trends in ionic conductivity are

observed for the samples prepared in this study and those reported by Peng et

al. However, despite attempting a range of methods and synthetic conditions,

the synthesis of phase pure samples using sol-gel methods was unsuccessful.

Figure 3.13 shows the PXRD pattern obtained for the most successful attempt

to synthesis Li5La3Nb2O12 via sol-gel methods. A number of the peaks present

appear to correspond to the expected Ia3̄d structure of Li5La3Nb2O12. However,

there are a number of additional peaks associated with impurities. Hence, we

were unable to reproduce the findings of Peng et al., which raises some sig-

nificant questions regarding their sample preparation methods, sample purity,

and subsequent physical property measurements.

It has been suggested in the literature that reducing the size of the rare

earth atom within the lithium-stuffed garnet structure can lower the ionic

conductivity.95 Hence, it is possible that the smaller size of the six-coordinate

sodium cation compared to that of lanthanum could be affecting the ionic

conductivity. In addition to this, the PXRD and 23Na MQMAS NMR data

presented here suggests that at least some of the sodium is substituting onto

other sites within the structure, whichmay be affecting the physical properties.
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Figure 3.13: (a) PXRD data obtained for Li5La3M2O12 prepared via sol-
gel methods and a comparision with (b) the predicted PXRD pattern for
Li5La3Nb2O12.94

If the sodium ions are occupying the octahedral lithium sites, they could be

blocking the ion migration pathways, due to their larger size, and, therefore,

decreasing the ionic conductivity.

Impedance data was also collected between 293 and 500 K. The variation

of the total ionic conductivity with inverse temperature is shown in Figure 3.14.

For both niobium- and tantalum-containing garnets, the data follows the ex-

pectedArrhenius-type behaviour, enabling activation energies to be calculated.

In each case, the activation energy, �a, increases with sodium content (Table

3.9). The lithium diffusion coefficients, �Li, calculated using the data, are also

shown in Table 3.9, which decreasewith increasing sodium content. In general,

the ionic conductivity for both series increases with temperature as expected.

In the tantalum-based system, the parent material, Li5La3Ta2O12, exhibits the

highest ionic conductivity, which decreases with increasing sodium content

(Figure 3.14). Hence, sodium doping does not enhance the ionic conductivity.

In the niobium-containing garnet a different trend is observed. At high temper-

atures, above 350 K, the G = 0.2 sample exhibits the highest ionic conductivity.
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Figure 3.14: Arrhenius plots for (a) Li5+2xLa3–xNaxNb2O12 and (b)
Li5+2xLa3–xNaxTa2O12 (x = 0 - 0.6) showing the variation of ionic conduc-
tivity with temperature, obtained via EIS methods.

This suggests that the niobium- and tantalum-based systems are affected dif-

ferently by the substitution of sodium into their structure. In particular, small

concentrations of sodium appear to increase the high temperature ionic con-

ductivity of the niobium system. The defect energy for the substitution of

sodium onto the lithium site in Li5La3Nb2O12 is much larger than substitution

onto the lanthanum site or either site in the tantalum-based system (vide supra).

This higher energy penalty may result in a lower proportion of sodium on the

lithium site and, thus, less sodium blocking ion migration. Hence, the reason

for higher ionic conductivity observed experimentally for the niobium-based

system at higher temperatures.

3.4.2 µSR Spectroscopy

As the niobium-containing garnet series exhibited interesting impedance

data, the ion mobility was investigated further using µSR spectroscopy. Muon

decay asymmetry data was collected for Li5La3Nb2O12, Li5.4La2.8Na0.2Nb2O12,
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and Li5.8La2.6Na0.4Nb2O12. Examples of the asymmetry data obtained and fit-

ted using the dynamic Kubo-Toyabe function are shown in Figure 3.15. The raw

data exhibits a characteristic Kubo-Toyabe relaxation, with an initial asymme-

try of approximately 0.3. In zero field, the asymmetry decreases until, after ∼6

µs, it remains constant. As the longitudinal field is increased, the asymmetry

associated with the tail increases. The fit obtained using the DKT function

follows the data set and the difference (denoted with a dashed line) remains

relatively flat. The variation in the difference between the fit and the data

increases with time owing to the spread of the data points. This is consistent

with previously reported literature for aluminium-doped LLZO.208 From each

fit, the calculated fluctuation rate, ν, and local magnetic field distribution, ∆,

were extracted. The variation in ν and ∆ with temperature are shown in Fig-

ures 3.16(a) and (b), respectively. It should be noted that the large error bars

observed above 450 K are due to the ion hopping rates being too fast to accu-

rately fit. At these temperatures, due to the fast relaxation of the muon, the

asymmetry data at each of the three longitudinal fieldstrengths is very similar,

thereby reducing the accuracy of the fit. Initially, all samples in the series ex-

hibit a slight decrease in the fluctuation rate before an Arrhenius-like increase

due to the thermal activation of ion diffusion. Generally, the behaviour of the

parent and G = 0.2 samples are similar as a function of temperature. However,

at elevated temperatures, the greatest ion hopping rate is observed for G = 0.2.

Ion hopping rates of 0.52, 0.66, and 0.29 MHz are observed for the G = 0, 0.2, 0.4

samples at 500 K, respectively. At 300K, ion hopping rates of 0.13, 0.17, and 0.21

MHz are observed for the G = 0, 0.2, and 0.4 samples, respectively. In contrast,

the G = 0.4 sample shows a very gradual increase in ν. Both the impedance

and µSR data suggests that when a small amount of sodium is introduced into

Li5La3Nb2O12 (G = 0.2), a corresponding increase in ion migration is observed

at higher temperatures. However, as the sodium content is increased, the ion

hopping rate begins to decrease.
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Figure 3.15: Raw asymmetry data acquired via µSR spectroscopy for (a)
Li5La3Nb2O12, (b) Li5.4La2.8Na0.2Nb2O12, and (c) Li5.8La2.6Na0.4Nb2O12 at (a)
100 K, (b) 200 K, and (c) 100 K in zero field and applied longitudinal fields
of 5 and 10 G. Each data set has been fitted using the dynamic Kubo-Toyabe
function.
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Figure 3.16: Variation in (a) the ion hopping rate, ν, and (b) local
field distribution, ∆, as a function of temperature for Li5La3Nb2O12,
Li5.4La2.8Na0.2Nb2O12, and Li5.8La2.6Na0.4Nb2O12.

Using Equation 2.76, the diffusion coefficient for lithium ion migration

can be calculated from the ion hopping rate obtained. Unfortunately, it was

not possible to precisely determine the lithium migration pathway via PXRD

or 6,7Li MAS NMR spectroscopy. Thus, in order to calculate the diffusion coef-

ficient, the migration pathway information was extracted from the trajectories

obtained from MD simulations where sodium was substituted onto the lan-
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thanum site (vide infra). This provided average values of /v,8 and B8 during the

simulation. Using these pathways, diffusion coefficients of 6.02, 7.15, and 8.28

× 10−12 cm2 s−1 were estimated for G = 0, 0.2, and 0.4, at 300 K, respectively. It is

noted that these values are lower than those obtained from the impedance data

(Table 3.9). This may be due to the assumptions made during the calculation.

Here, two lithium migration pathways were considered; from the tetrahedral

site to the octahedral site and vice versa. As a result, it does not take into ac-

count any possible interstitial sites within the pathway or alternative pathways.

Hence, the specifics of the calculation need to be taken into account as they can

influence the values obtained.

A significant and gradual decrease in ∆ (Figure 3.16(b)) supports the

trends observed in both the impedancedata and thevariation in ν. Asdiscussed

earlier, the rapid movement of ions through a structure results in a decrease in

∆, which is observed here for all three samples. As before, both the parent and

G = 0.2 sample behave similarly but the G = 0.4 sample has a lower initial value

of ∆. Above 450 K, ∆ begins to plateau. This correlates to the temperature at

which lithium ion diffusion becomes too large for µSR to accurately capture it.

The overall decrease in ∆, paired with the increase in ν, confirms ion mobility

on a local scale.

3.4.3 Probing Sodium-Ion Mobility

Although lithium-ion mobility has been the interest of discussion so far,

the conduction of sodium ions has also be reported in the literature. There are a

number of sodium-containing functional materials with high ionic conductiv-

ities, such as β-alumina (Na2O · xAl2O3) and NASICON (Na1+xZr2SixP3–xO12).

These materials are potential solid electrolytes for sodium-ion batteries, which,

like Li-ion batteries, require electrolytematerials with a high ionic conductivity

and negligible electrical properties.209–211 Hence, the incorporation of sodium

into the lithium-stuffed garnet structure introduces a second potentially mo-
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bile ion. Therefore, it is important to understand both if the sodium ions are

contributing to the overall ionic conductivity of the system and, if so, how they

are contributing. To probe any potential sodium-ionmobility, two dimensional
23Na EXSY experiments were performed. The 23Na EXSY spectra obtained

for Li5.8La2.6Na0.4Ta2O12 are shown in Figure 3.17. This sample was chosen

due to its high sodium content (G = 0.4) and because its ionic conductivity ap-

pears to be dramatically affected by cation substitution. As the corresponding
23Na MAS NMR spectrum is not fully resolved, the presence of distinct cross-

peaks is unlikely if the sodium ions are mobile. Instead, it is anticipated that

the NMR signal will change such that the diagonal lineshape resulting from

self-correlation forms a square or diamond shape.163

With amixing time of 75ms, only the diagonal signal due to self-exchange

is observed. The mixing time was then lengthened in order to investigate the

possibility of slow motion. However, no variation from the diagonal lineshape

is observed over the range of mixing times investigated (75 to 500 ms). At

mixing times of 500 ms and beyond, the experiment was limited by the spin-

lattice relaxation of the system, i.e., the system had relaxed toomuch during the

mixing time. This suggests that, on theNMR timescale, the sodium ions are not

mobile and are not believed to be contributing to the previouslymeasured ionic

conductivity. Hence, it is believed that only the lithium ions are responsible for

the conductivity observed in the EIS and µSR data. It is believed that at least

some of the sodium is substituting onto the octahedral lithium sites, and, thus,

into the lithium migration pathway. As the sodium does not migrate through

the structure, on the NMR timescale, it is likely this is blocking the lithium-ion

migration pathway due to its larger size.

3.4.4 Variable-Temperature 6Li NMR Studies

To probe the ion mobility of the system further, and confirm that the

lithium ions are the only mobile species and are therefore responsible for
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Figure 3.17: 23Na (11.7 T) EXSY NMR spectra obtained for
Li5.8La2.6Na0.4Ta2O12 with a mixing time of (a) 75 ms, (b) 200 ms, and (c)
500 ms. All spectra are the result of averaging 64 transients with an opti-
mised 1 s recycle interval for each of the 192 increments of 50 µs. AMAS rate
of 10 kHz was used in all cases.
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the observed ionic conductivity, variable-temperature 6Li NMR studies were

performed. In order to acquire data at high temperatures (up to 623 K) a static 5

mm X probe was used. Hence, all measurements were completed under static

conditions. This is primarily due to hardware limitations atDurhamUniversity,

as it is not feasible to complete such experiments underMAS conditions. In this

particular case, 6Li was chosen because, at elevated temperatures, it is possible

that the narrower lineshapes will enable distinct features to be resolved and,

therefore, allow each of the crystallographically distinct lithium sites to be

observed (vide supra). Variable-temperature 6Li NMR data was acquired for

the Li5.8La2.6Na0.4Ta2O12 sample. The corresponding static 6Li NMR spectra

acquired between 298 and 623Kare shown in Figure 3.18(a). In good agreement

with the 6Li and 7Li MAS NMR data, a single resonance is observed over

the entire temperature range. However, unfortunately, the resolution does

not improve and it is still not possible to differentiate between the individual

sites. As the temperature is increased, the lineshape narrows, confirming

lithium-ion mobility. The FWHM of the lineshape is plotted as a function of

temperature in Figure 3.18(b). Unfortunately, neither the onset of motion or

the rigid lattice regime (vide supra) have been captured across this temperature

range. As a result, it is difficult to extract a diffusion coefficient or activation

energy to compare with those obtained from the impedance and µSR data. In

addition to a change in FWHM, a slight decrease in chemical shift is observed

with increasing temperature, as shown in Figure 3.18(c). This could possibly

indicate a slight change in the lithiumenvironmentwith temperature. A change

towards lower chemical shift could indicate an increase in the proportion of

lithium ions occupying the octahedral environments associated with lithium

migration. Unfortunately, as the distinct lithium sites can not be resolved, it is

not possible to confirm the populations of the individual lithiumenvironments.

However, the variable-temperature 6Li NMR data does confirm the mobility of

the lithium ions.
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Figure 3.18: (a) Variable-temperature 6Li (9.4 T) NMR spectra acquired for
Li5.8La2.6Na0.4Ta2O12 and the variation of the corresponding (b) full width at
half maximum (FWHM) and (c) chemical shift as a function of temperature.
Each spectrum is the result of averaging 32 transients with an optimised
recycle interval of 30 s.

3.4.5 MD Simulations

Large-scale MD simulations were carried out to try and understand the

effect of sodium-doping on the physical properties of lithium-stuffed garnets.

The system is allowed to evolve for the duration of the simulation and, thus, it
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is possible to track the movement of any ion. The lattice parameters calculated

for the unit cell of Li5La3Nb2O12 before the simulation (13.178 Å) was in good

agreementwith values obtained from the PXRDdata. Figure 3.19 shows theAr-

rhenius plot for the simulated diffusion of lithium ions through Li5La3Nb2O12

and various sodium-substituted analogues. One of the advantages of compu-

tational modelling is the ability to control the site of substitution. In this case,

when sodium is substituted onto the lanthanum site, Li5.4La2.8Na0.2Nb2O12

and Li5.8La2.6Na0.4Nb2O12, an increase in ionic conductivity is observed with

increasing sodium content. This is in agreement with what was expected to

occur, based on previous literature. However, when sodium is substituted onto

the lithium site, Li4.6Na0.4La3Nb2O12, and Li4.8Na0.2La3Nb2O12, a decrease in

ionic conductivity is observed. This suggests that when sodium is substituted

onto the lithium site in the structure it blocks lithium-ion migration, in good

Figure 3.19: Arrhenius plots for calculated lithium-ion diffusion in
Li5La3Nb2O12, Li5–xNaxLa3Nb2O12, and Li5+2xLa3–xNaxNb2O12 (G = 0.2 and
0.4) obtained fromMD simulations.
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agreement with our experimental results, where a decrease in ionic conduc-

tivity upon substitution is observed. The motion of sodium ions during the

simulation can be used to investigate sodium-ion mobility. In both cases, no

long-range sodiummotionwas observed below 600K,which supports the 23Na

EXSY data presented (vide supra).

Diffusion coefficients of 9.66 × 10−10 and 4.85 × 10−11 cm2 s−1 were cal-

culated for the migration of lithium ions in both Li5.8La2.6Na0.4Nb2O12 and

Li4.6Na0.4La3Nb2O12, respectively. These are an order of magnitude higher

than those determined from EIS (Table 3.9). The differences observed are likely

due to the inability to separate the bulk and grain boundary contributions in

the EIS data, which results in a decrease in the overall conductivity measured.

Activation energies ranging from 0.26 to 0.33 eV can be calculated from the

slope of the Arrhenius plot obtained from MD simulations. These are lower

than those obtained from the impedance data (0.44 to 0.61 eV). Again, this is

likely due to the inclusion of grain boundary interactions. MD simulations sug-

gest that the substitution of sodium onto the lithium site results in a decrease

in lithium diffusion, likely caused by the migration pathway being blocked

by larger sodium ions, which is in good agreement with our experimental

findings.

3.5 Studying the Wider Structure

The PXRD and 23NaNMRdata presented indicates that in sodium-doped

Li5La3M2O12 at least some of the sodium introduced is substituted onto the ex-

pected lanthanum site, but that it is also substituting onto additional octahedral

sites, believed to be the octahedral lithium sites. Both the experimental and

theoretical data presented are in good agreement. However, it is vital to gain

a deeper understanding as to how this substitution is affecting the rest of the

structure, e.g., the lanthanum and oxygen environments.
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3.5.1 139La NMR Studies

As at least some of the sodium is believed to be substituting onto the

lanthanum site, it is expected that the lanthanum environment will be affected

by the incorporation of sodium into the structure. The lanthanum environment

can be studied using 139La NMR spectroscopy. However, without the use of

specialised experiments, the acquisition of 139La NMR spectra can be challeng-

ing. 139La has a spin of � = 7/2 and quadrupole moment of 20.0 fm2. As a

result, it produces wide spectral lineshapes with large values of �Q that are

difficult to uniformly excite using conventional pulse sequences.212–214 Hence,

theWURST-QCPMGpulse sequence is often utilised in 139LaNMR studies and

has previously been used to study lanthanum-containing batterymaterials, e.g.,

the garnet LaLi0.5Fe0.2O2.09.215

Static wideline 139La NMR spectra were acquired using the WURST-

QCPMG pulse sequence for the series Li5+2xLa3–xNaxTa2O12 (G = 0 - 0.4). The

resulting spectra are shown in Figure 3.20. Initially, the spectrum for the par-

ent material Li5La3Ta2O12 was acquired (Figure 3.20). The powder pattern

obtained exhibits an unusual lineshape with some distinct features. However,

there appear to be no distinct or resolved resonances. When simulated and fit-

ted, at least two overlapped resonances are observed, corresponding to at least

two distinct lanthanum sites. Due to the spikelet nature of the QCPMG spec-

trum and the broadened nature of the powder pattern, accurately fitting the

lineshape was challenging. As it is not a conventional lineshape, it is difficult

to determine if is dominated by the CSA or quadrupolar interaction. Addition-

ally, the lack of defined features means the powder pattern could be fitted with

a number of different environments. Although fitting the powder pattern to

multiple resonances might provide a better fit, it is does not necessarily make

sense in the structural context. Hence, the powder pattern was fitted with the

fewest resonances required to achieve reasonable agreement between theNMR

spectrum and themodel. The resulting fit, using two overlapped resonances, is
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Figure 3.20: Static 139La (11.7 T) NMR spectra obtained for (a) Li5La3Ta2O12,
(b) Li5.4La2.8Na0.2Nb2O12, and (c) Li5.8La2.6Na0.4Ta2O12. Each spectrum is the
result of averaging 48000 transients with a recycle interval of 0.1 s.
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shown in Figure A.3. The NMR parameters obtained for each site in the parent

material, La1 and La2, are presented in Table 3.10.

It is noted that, based on the Ia3̄d structure, a single eight-coordinate

lanthanum site is expected. This would result in a single, relatively narrow

lineshape with a small quadrupolar coupling constant, �Q. Instead, two over-

lapping resonances, La1 and La2 are observed with large values of �Q, 16.7

and 22.9MHz, respectively, indicating the presence of two lanthanum environ-

ments with low symmetry. Due to large spectral width often associated with
139La, there is a limited quantity of data reported in literature. 139La chemi-

cal shifts are reported to span 1200 ppm. For oxide-based materials, isotropic

chemical shifts between 295 and 600 ppm have been reported for lanthanum in

an eight-coordinate environment. There is a decrease in chemical shift as the

Table 3.10: 139La NMR parameters obtained for the series
Li5+2xLa3–xNaxTa2O12 (x = 0, 0.2, 0.4) obtained by fitting the 139La NMR
spectra.

x site δiso (ppm) CQ (MHz) ηQ Ω (ppm) κ

0.0
La1 342(8) 16.7(5) 0.68(3) 868(7) −0.9(1)

La2 552(8) 22.9(2) 0.91(2) 384(8) −0.8(1)

0.2

La1 342(9) 17.9(6) 0.55(3) 933(8) −0.7(1)

La2 552(10) 21.3(3) 0.91(2) 449(7) −0.2(1)

La3 471(8) 35.1(7) 0.17(4) 637(11) −0.8(1)

0.4

La1 409(7) 18.0(4) 0.55(2) 1005(10) −0.4(1)

La2 351(8) 20.0(3) 0.91(2) 430(8) −0.3(1)

La3 471(7) 33.0(3) 0.17(1) 1229(12) −0.8(1)
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coordination number increases but, in general, there is considerable overlap

between lanthanum environments.214 The larger value of �Q and ηQ for La2

exhibited suggests that it has lower symmetry than La1. Although each reso-

nance appears to be dominated by the quadrupolar interaction, due to the large

values of �Q, each has a small contribution from the CSA. In both La1 and La2,

the CSA contributions have a skew close to minus one (κ = −0.9 and −0.8). This

suggests that the CSA tensor is close to axial symmetry. However, the values

of ηQ (0.63 and 0.91) suggest that the EFG tensor is not axially symmetric.

The 139La NMR spectra obtained for the G = 0.2 and 0.4 samples (Figure

3.20) are very similar to that obtained for the parent material, i.e., they also

indicate the presence of multiple lanthanum environments. In general, the

same overall lineshape is observed for each powder pattern. The lineshape

can be fitted with at least one additional lanthanum site, as shown in Figures

A.4 and A.5. The corresponding NMR parameters are given in Table 3.10.

This extra site has a large �Q (∼33 - 35 MHz) and, thus, corresponds to a lower

symmetry site. This is likely a result of sodium substituting onto the lanthanum

site. Unfortunately, due to the overlapped nature of the sites, it is not possible

to use 139La NMR spectroscopy to locate the site of sodium substitution.

3.5.2 Long- vs. Short-Range Ordering in Li5La3M2O12

Todate, twodifferent crystal structureshavebeen reported for the lithium-

stuffed garnet, Li5La3M2O12 (M = Nb, Ta). The Ia3̄d structure was initially

proposed by Abbattista et al. in 1987216 and again by Cussen in 2006.94 The

version proposed by Cussen is now the most widely accepted as, via neutron

diffraction, he was able to identify the presence of three distinct lithium sites.

In 1988, based on single-crystal XRD studies, Hyooma et al. proposed the cu-

bic I213 structure.217 Both structures are similar, as highlighted in Figure 3.21.

However, each structure differs in the number of crystallographyically distinct

sites reported. In the Ia3̄d phase, a single lanthanum, niobium or tantalum,
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Figure 3.21: The unit cells of the (a) Ia3d94 and (b) I213217 structures proposed
for Li5La3M2O12. In each, the local lanthanum, oxygen, and niobium or
tantalum environments have been highlighted to show their coordination
environments.

and oxygen environment is reported, whilst in the I213 structure two lithium,

two lanthanum, two niobium or tantalum, and four oxygen sites are proposed.

Whilst it is challenging to accurately determine the number of crystal-

lograhpically distinct lithium sites in Li5La3M2O12 from the 6,7Li NMR data
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presented, the presence of multiple lanthanum environments is evident from

the 139La NMR studies shown. Hence, there appears to be some very obvious

discrepancies between the solid-state NMR data obtained and the structural

model proposed. Rietveld refinement of the PXRD data shown suggests that,

on average, the structure is the proposed Ia3̄d phase. Furthermore, only one

niobium site is observed in the 93Nb MAS NMR spectrum, in agreement with

the Ia3̄d model. Hence, further studies are required in order to fully under-

stand the local structure of Li5La3M2O12 and how it differs from the long-range

structure observed via PXRD.

3.5.3 17O Enrichment and NMR Studies

One of the most notable differences between the accepted Ia3̄d struc-

ture and models with lower symmetry is the number of oxygen sites present.

Hence, 17OMASNMR studieswere undertaken in order to determine the num-

ber and nature of the oxygen environments present in Li5+2xLa3–xNaxNb2O12.

As widely documented, 17O (� = 5/2) NMR spectroscopy is a particularly

challenging endeavour due to its low natural abundance (0.037%), moderate

gyromagnetic ratio (−3.6×107 rad s−1 T−1), and quadrupole nature (−2.56 fm2).

Thus, in order to acquire spectra with adequate signal in a reasonable time, iso-

topic enrichment is required, which is an extremely costly process. However,
17O exhibits a large chemical shift range, making it very sensitive to changes in

local environment.218,219 Hence, it is an ideal probe for very complex structural

problems.

Li5La3Nb2O12, Li5.4La2.8Na0.2Nb2O12, and Li5.8La2.6Na0.4Nb2O12 were all

post-synthetically enriched and investigated via 17O MAS NMR. Initially, to

determinewhether the enrichment had been successful, 17OMASNMR spectra

were acquired at 14.1 T (Figure 3.22). The 17O MAS NMR spectra obtained

confirmed that the samples had been successfully enriched. However, the
17O MAS NMR spectrum exhibits multiple overlapped resonances, making it
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Figure 3.22: The 17O (14.1 T) MAS NMR spectrum obtained for
Li5.4La2.8Na0.2Nb2O12. The spectrum was acquired using a short flip an-
gle and is the result of averaging 2048 transients with an optimised recycle
interval of 10 s. AMAS rate of 55 kHz was used and spinning sidebands are
denoted by *.

challenging to accurately determine the number of crystallograhpically distinct

oxygen sites present. Hence, to improve resolution and attempt to resolve the

distinct sites, 17OMASNMR spectra were acquired at the UKHigh Field Solid-

State NMR Facility at the University of Warwick and are shown in Figure 3.23.

In all cases, at least four distinct oxygen resonances are observed, which

is in contrast to the single site expected based on the Ia3̄d structure. For the

parent material, each resonance is relatively broad, making it challenging to

determine the exact number of sites present, even at 20.0 T. To try and resolve

these sites, 17O MQMAS NMR experiments were also attempted at 20.0 T.

However, unfortunately, these were unsuccessful. This was most likely due to

either insufficient enrichment levels and/or the presence of highly symmetrical

oxygen environments with very small quadrupolar interactions and, thus, very

low �Q values. The lineshapes corresponding to the central transitions in the
17O MAS NMR spectra were fitted and simulated to obtain the corresponding

NMR parameters, shown in Table 3.11. All of the lineshapes are relatively fea-

tureless, particularly those of the parent material. As a result, line broadening
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Figure 3.23: The 17O (20.0 T) MAS NMR spectra obtained for (a)
Li5La3Nb2O12, (b) Li5.4La2.8Na0.2Nb2O12 and (c) Li5.8La2.6Na0.4Nb2O12. Each
spectrum was acquired using a short flip angle (15°) and is the result of av-
eraging (a) 9272, (b) 5480, and (c) 10339 transients with an optimised recycle
interval of 5 s. TheMAS ratewas varied between 17 and 30 kHz and spinning
sidebands are denoted by *. The peak denoted by a diamond corresponds to
an additional resonance observed for the sodium-containing samples.
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Table 3.11: The 17O NMR parameters obtained for the series
Li5–2xLa3–xNaxNb2O12 (G = 0, 0.2, 0.4) obtained by fitting and simulating
the central transition of the corresponding 17OMAS NMR spectrum.

x site δiso (ppm) CQ (MHz) ηQ

0.0

O1 450(1) 4.1(8) 0.1(4)

O2 436(1) 2.6(4) 0.5(2)

O3 420(1) 2.1(2) 0.6(2)

O4 410(1) 2.6(1) 0.6(1)

O5 391(1) 4.6(2) 0.8(2)

0.2

O1 450(1) 4.1(7) 0.1(3)

O2 436(1) 2.6(3) 0.5(2)

O3 420(1) 2.1(2) 0.6(2)

O4 410(1) 2.6(1) 0.6(1)

O5 395(1) 3.2(3) 0.1(3)

O6 186(1) 1.8(2) 0.7(4)

0.4

O1 436(1) 2.6(1) 0.5(1)

O2 420(1) 2.1(1) 0.6(1)

O3 410(1) 2.6(1) 0.6(1)

O4 396(1) 3.4(1) 0.1(1)

O5 186(1) 1.6(2) 0.7(2)

was needed to assist in fitting the data. For the 17O MAS NMR spectrum of

Li5La3Nb2O12, at least four distinct oxygen resonances (O2 - O5) are observed

with a possible fifth site at δiso = 450(1) ppm.
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Interestingly, as sodium is substituted into the structure, and the sodium

content is increased, the lineshapes in the 17O MAS NMR spectra begin to

sharpen. This could be due to a change in the crystallinity of the sample, i.e., as

sodium is incorporated into the structure the degree of crystallinity increases.

Alternatively, it could be indicating a change in the orderingwithin the system,

i.e., the system is becoming more ordered as sodium is introduced. Typically

it is expected that a system will become more disordered upon aliovalent

substitution. Hence, this behaviour is somewhat unexpected.

Consistently, in the spectra corresponding to the sodium-doped samples,

an additional resonance is observed at δ = 186 ppm. To determine whether

this is an additional feature or a spinning sideband, spectra were acquired

at a range of spinning speeds. Figure 3.24 shows the spectrum acquired for

Li5La3Nb2O12 with a MAS rate of 16 kHz. This moves the spinning side-

band such that any resonance at ∼186 ppm would be visible. Initially, it was

suggested that this additional resonance could correspond to an impurity in-

troduced during the enrichment process. Based on the observed chemical shift,

it was believed to be a lanthanum silicate, e.g., La9.6Si6O26.4,220 which can be

600 400 200 0
17O δ (ppm)

νR = 30 kHz
νR = 18 kHz

* *** * * *

Figure 3.24: The 17O (20.0 T) MAS NMR spectra obtained for Li5La3Nb2O12

acquired with a MAS rate of 18 kHz in order to check for the presence of
a resonance at ∼ 200 ppm. This spectrum was acquired with an optimised
short flip angle (15°) and is the result of averaging 2984 transients with a
recylcle interval of 5 s. For comparison, the spectrum acquired with a MAS
rate of 30 kHz is also shown. Spinning sidebands are denoted by *.
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formed during post synthetic enrichment via the reaction of the sample with

the quartz tube. To determine if this was the case, a sample of La9.6Si6O26.4 was

obtained and post-synthetically enriched. The corresponding 17O (20.0 T)MAS

NMR spectrum is shown in Figure 3.25. As demonstrated in Figure 3.25(b),

there are some very obvious differences between the 17O MAS NMR spectra

for La9.6Si6O26.4 and Li5.8La2.6Na0.4Nb2O12, predominately in the breath of the

resonance observed. Hence, the resonance at δ = 186 ppm in the spectra cor-

responding to the sodium-doped lithium-stuffed garnets does not correspond

to La9.6Si6O26.4. Based on the chemical shift, the oxygen site associated with

this additional resonance appears to have a very different local environment to

those in Li5La3Nb2O12. It may be a non-stoichiometric impurity that is difficult

750 500 250 0
17O δ (ppm)

(a)

* *

750 500 250 0
17O δ (ppm)

(b) Li5.8La2.6Na0.4Nb2O12
La9.6Si6O26.8

Figure 3.25: (a) The 17O (20.0 T) MAS NMR spectrum of La9.6Si6O26.4. The
spectrum is the result of averaging 584 transients with a recycle interval of 5
s. An MAS rate of 28 kHz was used. In (b), an overaly of this spectrum with
that acquired for Li5.8La2.6Na0.4Nb2O12 is shown for comparison.
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to detect via conventional diffraction methods. Alternatively, it may be related

to the substitution of sodium into the garnet structure. In order to identify

other potential impurities, a detailed systematic study would be needed that

explores the enrichment process in greater detail. Due to the cost of 17O enrich-

ment and the timescale of this project, this was not feasible during the current

study. It is noted that PXRD of the enriched samples were not undertaken due

to very small sample quantities (∼0.2 g) and the challenges associated with

recovering the sample after NMR spectroscopy experiments.

3.5.4 Calculating NMR Parameters

First-principles DFT calculations can be used to calculate the expected

NMR parameters for a given system. Such calculations can then be used in

conjunction with solid-state NMR data to gain additional insight into the local

structure and, in this case, any changes occurring upon doping.221 Unfortu-

nately, due to the complex nature of the lithium-stuffed garnet structure, the

DFT calculationsundertaken for the sodium-doped lithium-stuffedgarnetwere

unsuccessful. This is believed to be due to the large number of partial vacancies

present within the structure, as well as disordering of the lithium. It is widely

known that accuratemodelling of this disordering can be particularly challeng-

ing. In these systems, a variety of possible structural models are required, each

with a specific arrangement of atoms and vacancies. In addition, for systems

with low partial occupancies, large supercells are often required to accurately

represent the system, which are computationally expensive and challenging.

Initial attempts to calculate the NMR parameters for Li5La3Ta2O12 in-

volved distributing lithium across the three available lithium sites such that it

suitably represented the occupancies observed on average by neutron diffrac-

tion, as reported in the literature. To determine the feasibility of these calcu-

lations, a single unit cell was used. As a result, the site occupancies were not

exact, but the calculation was reasonable in terms of the computational time
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needed. As the initial structure reported in the literature had been modified

to account for the potential disordering of lithium, the structure was initially

geometry optimised, i.e., the positions of the atoms and/or unit cell parame-

ters were optimised in order to obtain the lowest energy structure. However,

such calculations were not successful, likely owing to either the large number

of atoms in the unit cell and/or complications arising from lithium disorder-

ing within the unit cell. Numerous attempts were made to optimise these

calculations further, e.g., adjusting the tolerance of the energy calculation and

modifying the cut-off energy and :-point spacing. However, these were also

unsuccessful. Hence, the structure could not be optimised. As a result, it was

not possible to calculate the associated NMR parameters. As the parent ma-

terial could not be successfully calculated, it was also not possible to calculate

the parameters for the Na-doped system.

3.6 Further Discussion

Basedon thePXRDandNMRdata presented,when sodium is substituted

into the structure, it is believed that some of it occupies the lanthanum site(s),

as expected, in addition to other octahedral sites in the structure, believed to be

the octahedral lithium sites. In doing so, the sodium ions effectively “block”

the octahedral sites, thereby limiting the mobility of the lithium ions. Based on

the data presented, there are two possible models for sodium substitution: (1)

the sodium ions occupy one of the lanthanum sites and both of the available

octahedral lithium sites, or (2) the sodium ions occupy both of the lanthanum

sites and one of the octahedral lithium sites available. Unfortunately, with the

data currently available, it is not possible to determine which of these models

is most accurate.

Rather disappointingly, as the sodium content is increased, the ionic

conductivity reduces. This is believed to be due to the increased amount

of sodium occupying and “blocking” the octahedral lithium sites. This is
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supported by the EIS, µSR, and MD data presented. Once substituted into the

structure, the sodium ions do not contribute to the overall ionic conductivity,

as evidenced by 23Na EXSY and MD simulations. Interestingly, at higher

temperatures, low levels of sodium doping result in a higher ionic conductivity

andgreater ionmobility. However, this reduces asmore sodium is incorporated

into the system.

Using solid-state NMR spectroscopy to investigate the local structure of

these lithium-stuffed garnets has raised some very important questions re-

garding the precise structure adopted. Most notably, the number of crystallo-

graphically distinct sites proposed in the Ia3̄dmodel, supported by PXRD data,

compared to the number of sites indicated by the NMR data. These differences

suggest subtle structural differences, most likely on the local scale that cannot

be easily probed using conventional diffraction-based techniques. Based on

the data presented, it is possible that “on average” the structure belongs to the

cubic Ia3̄d space group but locally the system is of a lower symmetry. Based on

some recent work on LLZO, it is possible the system could possess a tetragonal

structure locally, with at least two lanthanum sites and one niobium/tantalum

site. In order to verify if this is the case, additional local order structural probes

such as pair distribution function (PDF) analysis is required. At present, this

is beyond the scope of the current study. However, it highlights the significant

challenges faced for complete structural studies where a single structural probe

is insufficient.

Overall, this study has been an important example of how, whilst the

substitution of cations into lithium-stuffed garnets is an important and often

an initial step in improving the ionic conductivity, the species being substituted

needs to be carefully selected. It is vital to understand precisely how the substi-

tution affects the structure, both the long- and short-range order of the system,

as well as the influence this has on the resulting physical properties. This is

particularly important when designing functional materials for very specific
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applications, as the complex relationship between structure and functionality

can play a pivotal role.

3.7 Conclusions

The aim of this studywas to investigate the affect of cation substitution on

the potential solid electrolyte Li5La3M2O12 (M = Nb, Ta) and probe its affect on

the migration pathway of lithium through the lithium-stuffed garnet structure.

Hence, the series Li5+2xLa3–xNaxM2O12 (G = 0 - 1, M = Nb, Ta) was synthe-

sised using traditional solid-state methods. As sodium is incorporated into the

structure, PXRD data, paired with 6,7Li, 23NaMASNMR data and complemen-

tary DFT calculations, suggests that sodium is substituting onto the expected

lanthanum site and additional octahedral lithium sites in the structure. Un-

fortunately, the introduction of sodium into the structure is accompanied by a

decrease in ionic conductivity, as observed in the EIS and µSR data. It is noted

that at high temperatures, the incorporation of small amounts of sodium (G =

0.2) into Li5La3Nb2O12 results in an increase in ionic conductivity. Variable-

temperature 6Li NMR studies, in conjunction with 23Na EXSY data, suggests

that the ionic conductivity is solely due to the migration of lithium ions and

that the sodium ions do not contribute on theNMR timescale. Complementary

MD simulations, paired with the rest of the presented data, suggest that the

substitution of sodium onto the lithium site blocks ion migration and, thus,

results in lower ionic conductivities.

In addition to studying how the introduction of sodium directly affects

the lithium migration pathway, the affect of sodium doping on the rest of

the structure was also investigated. No change in local environment of the

niobium site was observed via 93Nb MAS NMR studies. Interestingly, at least

two distinct lanthanum sites were observed in the 139La NMR spectrum of

Li5La3Ta2O12, with the introduction of a third site observed upon sodium

substitution. This is unexpected based on the accepted Ia3̄d structure. When
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combined with 17O NMR studies, which also exhibit more resonances than

expected, the data suggests that there are contradictions between the “average”

structureobservedbyPXRDand the local environments observed via solid-state

NMR spectroscopy. This suggests there is considerable scope for additional

structural studies in the future.
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Chapter 4

Investigating Ion Migration

Mechanisms in the Complex Spinel

Li2NiGe3O8

4.1 Introduction

4.1.1 All-Spinel All-Solid-State Batteries

As discussed earlier, a major challenge in commercialising all-solid-state

batteries containing crystalline inorganic solid electrolytes is the interface be-

tween the electrolyte and the electrode, as this often exhibits a high interfacial

resistance that diminishes the overall performance of the battery.39 One poten-

tial solution to this problem is to use an anode, cathode, and electrolyte that

belong to the same class of materials, i.e., they have the same crystal structure

and similar lattice parameters. For example, using spinels for each component

of the cell would create an all-spinel all-solid-state battery. If successful, lattice

matching would, ideally, create a continuous framework that stretches across

the interfaces, in this case, the ccp array of oxygen ions (Figure 4.1). In turn, it

is hoped that this will enable lithium ions to pass from one component to the

other with ease, thereby reducing the interfacial resistance.222 The concept of
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Figure 4.1: A schematic representation of lithium-ion migration through (a)
an all-solid-state battery with a spinel anode, anti-perovskite electrolyte,
and spinel cathode and (b) an all-spinel all-solid-state battery. Here, the
migration of lithium ions across the electrode-electrolyte interface is denoted
by a blue arrow. This migration is restricted in (a), as indicated by the bent
arrow, when compared to (b).

all-spinel all-solid-state batteries was first proposed in a patent by Thackeray

and Goodenough in 1985.223

Since the initial patent, a number of spinels have been investigated as

potential battery materials. For example, LTO (Li4Ti5O12) has been considered

as an alternative anode material to graphite that offers very small volume

expansion upon lithiation. Similarly, LiMn2O4 is a potential cathode material

being explored as a cheaper and less toxic alternative to LiCoO2. Both of

these materials adopt the spinel structure (space group Fd3̄m) and have been

considered for use in both conventional Li-ion and all-solid-state batteries.15,19
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In addition to these, a number of high voltage cathode materials exhibiting the

spinel structure have been suggested, including LiMn1.5Ni0.5O4.26 However, it

is noted that, due to the high voltage at which these materials operate (> 4.5 V

vs. Li+/Li), they cannot be used in conventional Li-ion batteries as they would

react with the electrolyte. If, however, they were paired with a solid electrolyte

with a large enough electrochemical stability window, these cathodes could be

used to create all-solid-state batteries with high output voltages.

In contrast to the electrode materials, very few solid electrolytes with

the spinel structure have been investigated in any great detail. Rosciano et

al. designed the series LixM1–2xAl2+xO4 (M = Mg, Zn, 0 ≤ G ≤ 0.5) as an

electrolyte for an all-spinel battery. This process took two insulating spinels,

MgAl2O4 and ZnAl2O4, and incorporated lithium into the structure. Solid-

state NMR studies found that the magnesium-containing series exhibited the

highest lithium-ion mobility of the two systems.222 As a result, this series has

been studied in greater detail. First-principles studies of LixMg1–2xAl2+xO4

predicted a reasonable ionic conductivity (∼10−8 S cm−1 for G = 0.3 at 300 K).224

However, unfortunately, when studied via impedance spectroscopy, low ionic

conductivities (∼10−14 S cm−1) were observed at room temperature, although

the cause of this could not be accurately determined.225 Hence, further work is

needed to both find more potential solid electrolytes with the spinel structure,

as well as understanding the ion mobility within these systems. The focus of

this chapter is Li2NiGe3O8, a complex or ordered spinel that has a modest ionic

conductivity of ∼10−7 S cm−1 at 63 ◦C. However, it is electrochemically stable

up to 5 V vs. Li+/Li, which makes it a potential solid electrolyte that can be

used with high voltage cathodes.226,227

4.1.2 Li2NiGe3O8

Li2NiGe3O8 is a complex spinel that crystallises in the space group P4232,

an ordered sub-group of Fd3̄m. As with other spinels, the lithium-ions occupy
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the tetrahedral sites (8c) within the ccp array of oxygen anions. The nickel

(4b) and germanium (12d) are ordered over two distinct octahedral sites within

the structure (Figure 4.2).226 The mechanism for ion migration through the

conventional spinel structure, AB2X4, has previously been studied in depth

and it is widely accepted that lithium ions migrate via the available additional

octahedral sites. However, considerably less is knownregarding the conduction

of ions through complex spinels.227

Variable-temperature time-of-flight (TOF) neutron powder diffraction

studies have been used to investigate both the structure of Li2NiGe3O8 and
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Figure 4.2: The crystal structure of Li2NiGe3O8
227 at (a) room tempearture

and (b) 850 ◦C. At elevated temperatures, lithium is distributed over two
sites, one tetrahedal site (Li1 - 8c) and one octahedral site (Li2 - 12d). The
unit cell is denoted by a dashed black line.
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its lithium-ion conduction pathway. Rietveld refinement of the high temper-

ature neutron diffraction data obtained, paired with difference Fourier maps,

suggests that a second, octahedral lithium site (12d) is occupied at high tem-

peratures (350 - 850 ◦C). Within this octahedral site, at 850 ◦C, the lithium

ion is displaced by ∼0.17Å from the central position. Each tetrahedral site has

three neighbouring octahedral sites, whilst the octahedral site shares edges

with two tetrahedral sites. This builds a pathway of tetrahedral and octahedral

lithium sites through the structure. As a result, this led to the suggestion of a

lithium-ion conduction pathway composed of ions hopping from tetrahedral

to octahedral sites (8c - 12d - 8c). Three possible saddle points, as illustrated

in Figure 4.3, have been suggested between the tetrahedral and octahedral

lithium sites. However, as there is no evidence of any additional occupied

sites in the difference Fourier maps, it is suggested that the lithium ions spend

very little time on any of the saddle points.227 This has been supported by DFT

calculations, which predict an activation energy of 0.47 eV for this pathway.228

If Li2NiGe3O8, and other complex spinels, are going to be improved and

optimised for use as solid electrolytes in all-solid-state batteries, it is crucial that

the mechanism for lithium-ion migration is fully understood. Hence, here, a

sp1

sp2

sp3

Figure 4.3: A schematic representation of a portion of the lithium migration
pathway in Li2NiGe3O8 with the three possible saddle points, sp1, sp2,
and sp3, between the tetrahedral 8c lithium site and the octahedral 12d site
denoted by blue circles.
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combination of techniques, including solid-state NMR spectroscopy have been

used, to investigate both the structure of Li2NiGe3O8 and its potential for

lithium-ion mobility at room temperature and above.

4.2 Experimental

4.2.1 Synthesis and Powder X-Ray Diffraction

Samples of Li2NiGe3O8 were synthesised via solid state methods by our

collaborators Mr Daniel Martin and Dr Nik Reeves-McLaren at the University

of Sheffield. Stoichiometric amounts of dried (180 ◦C for Li2CO3 or 500 ◦C

for oxides for 12 hours) Li2CO3 (Sigma-Aldrich, 99%), NiO (Alfa Aesar, 99%),

and GeO2 (Sigma-Aldrich, 99.999%) were intimately ground and pressed into

a pellet. The reagents were then heated at 650 ◦C for 5 hours in gold boats.

Once heated, the sample was reground and sintered at 900 ◦C for 36 hours.

Samples were initially characterised by X-ray diffraction using a Bruker D2

Phaser diffractomer with Cu Kα (λ = 1.5418 Å) at the University of Sheffield.

Rietveld refinement of the PXRD data was performed by our collaborators

using the GSAS-II software.229

4.2.2 Electrochemical Impedance Spectroscopy

Samples ofLi2NiGe3O8wereuniaxiallypressed intopellets for impedance

measurements. These pellets were placed on sacrificial powder before being

sintered at 950 ◦C for 6 or 24 hours in an alumina crucible. This resulted in

pellets with 66% and 81% density, respectively. For each pellet, both faces

were polished and coated with gold electrodes before being annealed at 950
◦C for 2 hours. Impedance measurements were carried out using a Solartron

Analytical/Ametek ModuLab XM MTS system at the University of Sheffield.

Data was acquired from 30 mHz to 1 MHz with a 100 mV applied AC voltage

during heating from 336 to 541 K.
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4.2.3 Muon Spin Relaxation Spectroscopy

µSR experiments were performed by our collaborators at the ISIS neutron

and muon facility using the EMU instrument. Approximately 1 g of sample

was packed into a 1.5 mm thick disk within a Ti sample holder with 30 mm

diameter. The sample holder was then sealed with a ∼1.5 µm thick Ti foil

window. Data was collected from 39 to 555 K using three different applied

longitudinal magnetic fields (0, 5, and 10 G). Initial asymmetry calibrations

were conducted using a 20 G transverse magnetic field. All data analysis was

conducted by our collaborators using the WiMDA program.230

4.2.4 Solid-State NMR Spectroscopy

Solid-state NMR spectra were acquired using a Bruker Avance III HD

spectrometer equipped with either a wide-bore 9.4 or 11.7 T magnet. Larmor

frequencies of 194.4 MHz for 7Li (� = 3/2) and 73.6 MHz for 6Li (� = 1) were

used at 11.7 T. At 9.4 T, a Larmor frequency of 58.9 MHz was used for 6Li.

For 6Li and 7Li MAS NMR experiments, powdered samples were packed into

conventional 4.0 or 1.3 mm ZrO2 rotors and MAS rates of 10 and 60 kHz were

used, respectively. Both 6Li and 7Li chemical shifts were referenced to 1M LiCl

(aq).

All 11.7 T, conventional 7Li MAS NMR spectra were obtained using a

single-pulse experiment whilst 6Li MAS NMR spectra were acquired using a

Hahn echo experiment (90x - τ - 180y). Typical rf fieldstrengths of 84 kHz were

employed and an experimentally optimised recycle interval of 0.2 swas used for

both 6Li and 7Li. Standard variable-temperature 6,7Li MAS NMR experiments

were completed between 260 and 412 K using conventional hardware and

identical parameters to those statedabove. For these experiments, temperatures

were calibrated using the 1H signal of methanol.

Additional static variable-temperature 6Li NMR experiments were com-

pleted for Li2NiGe3O8 over the temperature range 204 to 609 K at 9.4 T. The
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sample was packed into a 5.0 mm glass tube and placed into a Bruker 5.0 mm

X static probe equipped with a horizontal coil. The static 6Li NMR spectra

were acquired using a solid echo experiment (90x - τ - 90y), with a typical rf

fieldstrength of 50 kHz. An echo delay, τ, of 200 ms was used between 197 and

542 K and 250 ms at 609 K. This was increased in order to acquire the whole

echo at higher temperatures. Experimentally optimised recycle intervals of 0.05

s were employed. All temperatures stated were calibrated using lead nitrate

and reflect the true temperature of the sample. In all cases, spectrum specific

information is given in the relevant figure caption.

4.3 Structural Elucidation of Li2NiGe3O8

Samples of Li2NiGe3O8 were synthesised and initially characterised by

PXRD. Rietveld refinement of the PXRD data obtained is shown in Figure

4.4(a). The parameters obtained from this refinement (Table 4.1) are in good

agreement with the P4232 structure. The refined cell parameter a = 8.1845(5) Å

agrees with that previously obtained by neutron diffraction (8.19851(10) Å).227

The ionic conductivity of the system was measured from 336 to 541 K

using impedance spectroscopy. The Nyquist plots show a response expected

for a solid electrolyte material (Figure 4.5(a)). There are two semi-circles corre-

sponding to the bulk and grain boundary conductivities, alongside a tail due

to Warburg impedance. In order to determine the ionic conductivity, the resis-

tance was obtained from the /’-axis at the intersection of the two semi-circles.

An Arrhenius plot of the obtained ionic conductivities, for both the bulk and

grain boundary, is shown in Figure 4.5(b). Activation energies of 0.46(1) and

0.53(1) eV were obtained for the samples sintered for 6 and 24 hours, respec-

tively. It is noted that the ionic conductivities obtained for the sample sintered

for 24 hours are lower than the other sample. This is paired with an increased

activation energy. This is believed to be due to the loss of lithium at the

high temperatures required for sintering. Additionally, it should be noted that
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Figure 4.4: Rietveld refinement of the PXRD data obtained for samples of
Li2NiGe3O8 (a) before sintering (χ2 = 1.87) and after sintering for (b) 6 hours
(χ2 = 1.59) and (c) 24 hours (χ2 = 1.72).
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Table 4.1: Refined lattice parameters, fractional coordinates, and χ2 values
obtained from the Rietveld refinement of the PXRD data for powdered and
sintered (6 hours and 24 hours) samples of Li2NiGe3O8.

Powdered Sintered (6 hrs) Sintered (24 hrs)

a (Å) 8.18479(5) 8.18335(5) 8.18026(5)

χ2 1.87 1.59 1.72

Li (8c) x = y = z 0.018 0.018 0.018

Ni (4b) x = y = z 0.625 0.625 0.625

Ge (12d) x 0.125 1.625 1.625

y 0.3779(2) 0.3758(1) 0.3750(2)

z 0.8722(2) 0.8742(1) 0.8750(2)

O1 (8c) x = y = z 0.3759(13) 0.3653(10) 0.3714(10)

O2 (24e) x 0.0930 (3) 0.0924 (3) 0.0932 (3)

y 0.1344 (5) 0.1215 (4) 0.1265 (5)

z 0.4046 (5) 0.3893(5) 0.3913 (5)

the PXRD for this sample (Figure 4.4(c)) exhibits peaks corresponding to an

unidentified impurity phase, likely to be a sign of non-stoichiometric synthetic

conditions owing to the loss of lithium. Overall, a diffusion coefficient, �Li, of

∼2.26 ×10−13 cm s−1 can be estimated for Li2NiGe3O8 at 336 K.

Although the ionic conductivity is lowat roomtemperature,∼10−8 S cm−2,

this suggests the presence of ionmigration, contrary to the previously reported

neutron diffraction data that suggests the octahedral site is not occupied at
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Figure 4.5: (a) Nyquist plot of the EIS data acquired at 523 K for sintered
pellets of Li2NiGe3O8. (b) An Arrhenius plot of the bulk and gain boundary
conductivities for Li2NiGe3O8. The sampleswere sintered for 6 hours (black)
and 24 hours (blue).

room temperature. Hence, solid-state NMR spectroscopy has been used to fur-

ther elucidate the structure of Li2NiGe3O8 and, paired with µSR spectroscopy,

to probe the ion migration pathway.
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4.3.1 Locating Lithium via 6,7Li MAS NMR Studies

Using 6,7LiMASNMRspectroscopy, the precise location of lithiumwithin

the structure was probed. The 7Li MAS NMR spectra acquired for Li2NiGe3O8

are shown in Figure 4.6(a). Of particular note is the 7Li MAS NMR spectrum

acquired at 10 kHz,which exhibits a lineshapewith a largemanifold of spinning

sidebands, usually indicative of the presence of an unpaired electron in a

paramagnetic species. In Li2NiGe3O8, the Ni2+ (d8) has an unpaired electron

and, thus, the material is paramagnetic. Hence, the lineshape observed is

characteristic of a sample containing aparamagnetic species (vide supra). Within

Figure 4.6(a), the 7Li MASNMR spectrumwith a wide spectral width is shown

as an inset (left). Here, the extensive manifold of spinning sidebands is clear to

see. In order to observe the central peak, a spectrum with a narrower spectral

width is required, as shown in the main spectrum.

Two resonances are observed in the 7Li MAS NMR spectrum at δ = −25

and 0 ppm, likely corresponding the two lithium sites (8c and 12d) reported

for the P4232 phase of Li2NiGe3O8. Due to the broad lineshape and the overlap

of the spinning sidebands, it is challenging to determine the number of crys-

tallographically distinct sites present and obtain accurate NMR parameters. In

such cases, it is often possible to achieve better resolution by spinning at fast

MAS rates. This moves the sidebands further away from the central band and

allows larger anisotropic interactions to be averaged. Hence, a fast spinning
7Li MAS (60 kHz) NMR spectrum was also acquired and is shown as an inset

(right) in Figure 4.6(a). The extra resolution made available by the faster MAS

rate better resolves the two resonances, one broad resonance at δ = −25.3 ppm,

and a sharper resonance at δ = −3.9 ppm. Based on the intensities of the two

resonances observed, and the occupancies expected from the PXRD data, the

resonance at δ = −25.3 ppm is assigned to the tetrahedral (8c) site, whilst the

resonance at δ = −3.9 ppm corresponds to the octahedral (12d) site. To try

and resolve the two sites further, 6Li MAS NMR studies were also attempted.
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Figure 4.6: (a) 7Li and (b) 6Li (11.7 T) MAS NMR spectra acquired for
Li2NiGe3O8. In (a) two different MAS rates, 10 and 60 kHz, were used.
In (b), a MAS rate of 10 kHz was used. Each spectrum in (a) is a result of
averaging either 200 (10 kHz) or 1000 (60 kHz) transients with an optimised
recycle interval of 0.2 s. In (b), each spectrum is the result of averaging
512 transitents with an optimised recycle interval of 0.2 s. All spinning
sidebands are denoted by *.
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However, there is no obvious indication of the presence of multiple lithium

sites in the 6Li MAS NMR spectrum obtained, as shown in Figure 4.6(b). It is

noted that, due to the lower natural abundance of 6Li compared to 7Li, it can

be difficult to observe low occupancy sites. It is well reported in the literature

that, for a diamagnetic system, octahedral lithium environments are expected

to exhibit isotropic chemical shifts of δiso = −1 - 0 ppm, whilst for tetrahedral

lithium environments δiso = 0 - 3 ppm (Table 3.6). For paramagnetic systems,

however, there can be substantial variations in the chemical shifts observed

(vide supra).

Both resonances in the 7Li MAS NMR spectrum are shifted to higher fre-

quency thanwould typically be expected for a diamagnetic system, particularly

for the tetrahedral site. A smaller deviation in chemical shift is also observed

for the octahedral lithium site but it is only possible to determine this with the

increased resolution provided by the fast MAS rates used (Figure 4.6(a)). This

suggests that the lithium in the system is experiencing a pseudocontact shift

from the paramagnetic Ni2+ centre, i.e., the interaction between the unpaired

electron of the nickel and the nuclear spin of lithium. The larger divergence in

chemical shift experienced by the tetrahedral lithium site, compared to that of

the octahedral site, suggests that it is closer to the paramagnetic Ni2+ within

the structure. This agrees with the crystal structure of Li2NiGe3O8, where

the tetrahedral (8c) site is ∼3.2 Å from the nickel compared to ∼4 Å for the

octahedral (12d) site.

The occupancy of the octahedral (12d) lithium site at room temperature

contradicts previous neutron diffraction studies, where it was only observed at

elevated temperatures (350 - 850 ◦C).227 To quantify the occupancy of both the

tetrahedral and octahedral sites, the 7Li MAS NMR spectrum acquired at 60

kHz was simulated and fitted, as shown in Figure 4.7. It is noted that, owing

to the broad and overlapped nature of the resonances, this was particularly

challenging to do. The ratio of the area under (integral of) the fit of each site
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Figure 4.7: Analytical fitting of the 7Li (11.7 T) MAS NMR spectrum of
Li2NiGe3O8. The experimental spectrum is shown in black, fitted lineshapes
for the octahedral and tetrahedral sites are shown in red and blue, respec-
tively. The summation of the two is shown in green. Fractional occupancies
of 0.024 and 0.976were determined for the octahedral and tetrahedral lithium
sites, respectively, via integration of the area under each peak.

was then determined to estimate the occupancy of each site. Using thismethod,

fractional occupancies of 0.976 and 0.024 were obtained for the tetrahedral and

octahedral lithium sites, respectively.

Although Rietveld refinement of the neutron diffraction data previously

reported by Reeves-McLaren et al. suggests that lithium solely occupies the

tetrahedral site at room temperature, it does not exclude the possibility of

small amounts of lithium occupying the octahedral site.227 Based on the solid-

state NMR and µSR data (vide infra) obtained here, the neutron diffraction data

originally acquired was re-analysed in collaboration with Reeves-McLaren.

Specifically, extrapolation of the fractional occupancies refined between 623 -

1123 K back to 300 K indicated occupancies of 0.97 and 0.03 for the tetrahedral

8c and octahedral 12d lithium sites, respectively.231 These values are in good

agreement with those estimated from analytical fitting of the 7Li MAS NMR

spectrum and support the room temperature ion mobility observed.
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To understand the system in greater detail Li2ZnGe3O8, a diamagnetic

spinel, was also studied via 7Li MAS NMR spectroscopy. It was hoped that a

diamagnetic spinelwould enable a suitable comparison of the chemical shifts to

be made before and after the effects of a pseudocontact shift. Like Li2NiGe3O8,

Li2ZnGe3O8 also crystallises in space group P4232. However, it is an inverse

spinel. In a standard spinel, AB2X4, A-site cations occupy the tetrahedral site

and B-site cations occupy the octahedral site. For an inverse spinel, the tetra-

hedral site is occupied by B-site cations and the octahedral site is occupied by

both A- and B-site cations. Hence, in Li2ZnGe3O8, the structural framework

is composed of GeO6 (12d) and LiO6 (4b) octahedra whilst the tetrahedral (8c)

site is shared by zinc and the remaining lithium.227 Therefore, based on the

structure, the 7Li MAS NMR spectrum is expected to contain two resonances,

corresponding to the octahedral (4b) and tetrahedral (8c) lithium sites. The 7Li

MAS NMR spectrum acquired for Li2ZnGe3O8 is shown in Figure 4.8. This

spectrum shows a single resonance centred at δ = 0.8 ppm, suggesting the pres-

7Li δ (ppm)

200 100 0 −100 −200

*

* *

*
**

Figure 4.8: The 7Li (11.7 T) MAS NMR spectrum of Li2ZnGe3O8. The spec-
trum is the result of averaging 64 transitents with an optimised recycle inter-
val of 30 s. A rf of 96 kHz and aMAS rate of 10 kHz were used. All spinning
sidebands are denoted by *.
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ence of only a single lithium site. When compared to the spectrum obtained

for Li2NiGe3O8, the resonance exhibits a higher chemical shift. The presence

of a single resonance suggests that the two lithium sites in LiZnGe3O8 have

very similar local environments and, therefore, cannot be resolved using 7Li

MAS NMR spectroscopy. Hence, it is difficult to directly compare the spec-

tra obtained for Li2ZnGe3O8 and Li2NiGe3O8 to gain structural information.

However, it is clear that the presence and position of a paramagnetic species

has an obvious effect on the local environment of the lithium sites, as evidenced

by the very obvious differences in chemical shifts.

4.4 Probing the Mechanism for Ion Migration

The octahedral site, previously observed at high temperatures via neutron

diffraction, is believed to be responsible for lithium-ionmobility in Li2NiGe3O8.

Hence, its presence at room temperature in the 7Li MAS NMR spectrum sug-

gests that Li2NiGe3O8 is capable of conducting ions at temperatures lower

than previously suggested. To explore the potential for lithium-ion mobility,

variable-temperature 6,7Li NMR experiments were performed, in conjunction

with µSR studies.

4.4.1 Variable-Temperature 6,7Li NMR Studies

Variable-temperature 6Li MAS NMR studies were completed from 260 -

412 K and the spectra are shown in Figure 4.9(a). Between 260 and 357 K, a

single broad resonance is observed. Beyond 357 K, a second resonance appears

at δ = −1.1 ppm. As previously discussed, this site is believed to correspond

to the octahedral lithium site and the emergence of this site upon heating sug-

gests that the lithium ions are migrating from the tetrahedral site onto one of

the three neighbouring octahedral sites via a hopping mechanism (Figure 4.3).

The presence of a second site (i.e., the octahedral site) at high temperatures is



190 Chapter 4. Li2NiGe3O8

6Li δ (ppm) 
−80−60−200 −402040

(a)

−150−100100 −50050

*

*

*

*

*

*

(b)

7Li δ (ppm) 

260 K

303 K
336 K

357 K
379 K

390 K

412 K

401 K

260 K

336 K

357 K

307 K

281 K

*

Figure 4.9: Variable-temperature (a) 6Li and (b) 7Li (11.7T)MASNMRspectra
acquired for Li2NiGe3O8. Each spectrum is a result of averaging (a) 512 and
(b) 200 transients with a recycle interval of 0.2 s. In both cases, a MAS rate
of 10 kHz was used. Spinning sidebands are denoted by *.

in agreement with the previously reported neutron diffraction data.227 Unfor-

tunately, due to the poor signal-to-noise in the variable-temperature 6Li MAS

NMR spectra it is challenging to accurately determine the temperature atwhich

the lithium ions become mobile and occupy the octahedral site. However, it is

noted that the resonance corresponding to the octahedral lithium site is clearly
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observed in the 7Li MAS NMR spectrum acquired at 260 K (Figure 4.9(b)).

Hence, it is likely that the octahedral site is occupied both at room tempera-

ture and below. However, the precise temperature at which occupation occurs

cannot be determined with the current data.

As the temperature is increased, a gradual change in the chemical shift of

the resonance associated with the tetrahedral site is observed, in both the 6Li

and 7Li MAS NMR spectra. In the 6Li MAS NMR spectra, at 260 K δ = −31.3

ppm and by 412 K δ = −17.2 ppm. This is in contrast to what is expected for

paramagnetic systems of this nature, where it is expected to obey Curie-Weiss

behaviour, i.e., as the temperature is increased the resonance is expected to

move towards lower chemical shifts. Hence, for Li2NiGe3O8, this change in

chemical shift is believed to be a result of ionmobility within the system, i.e., as

the temperature is increased, lithium ions move from the tetrahedral site onto

the octahedral site and, hence, further away from the paramagnetic species. As

a result, on average, the lithium ions are spending less time in close proximity

to the paramagnetic centre causing the change in chemical shift. The same

general trend is observed in the variable-temperature 7Li MAS NMR spectra.

To investigate the lithium-ion mobility over a greater temperature range,

static 6Li NMR experiments were also completed from 204 to 609 K (Figure

4.10(a)). Unfortunately, due to hardware limitations it was not possible to

perform MAS experiments over this temperature range. At low temperatures

(204 K) a single broad lineshape is observed. As the temperature is increased,

motional narrowing and a change in chemical shift is observed, in good agree-

ment with the 6Li MAS NMR spectra. Again, the increase in chemical shift is

believed to be a result of the ionmobility of the system. As lithium ionsmigrate

they spend more time on the octahedral site and, thus, less time near the para-

magnetic nickel. This reduces the size of the interaction between the lithium

nuclear spin and the unpaired electron, and, thus, reduces the pseudocontact

shift. The motional narrowing observed is indicative of lithium-ion mobility
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Figure 4.10: (a) Static variable-temperature 6Li (9.4 T) NMR spectra acquired
for Li2NiGe3O8 and the variation of the corresponding (b) chemical shift and
(c) full width at half maximum (FWHM) with temperature. Each spectrum
is the result of averaging 4000 transients with an optimised recycle interval
of 0.05 s.

over this temperature range. Figures 4.10(b) and (c) show the variation in the

associated chemical shift and FWHMwith temperature. Unlike theMASNMR

spectra, it is not feasible to resolve the individual lithium sites in the static 6Li

NMR spectra. As a result, the static spectra can only identify the presence of

lithium ion mobility but are not able to provide insight into the contribution
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from each site.

As discussed earlier, variable-temperature NMR spectroscopy can be a

useful tool in assessing the ionmobility of a system. Provided the full motional

curve has been obtained, it is possible to estimate an activation energy for ion

mobility. Unlike EIS, the activation energy obtained via NMR spectroscopy,

which is a local probe, does not contain contributions from grain boundaries.

Unfortunately, it was not possible to obtain an accurate activation energy or

diffusion coefficient from the static 6Li NMR spectra obtained. Again, due to

hardware limitations, it was not possible to acquire data below 204 K or above

609 K. As a result, only a portion of the motional narrowing curve could be

acquired. However, using the method reported by Waugh and Fedin,232,233

�WF
a = 1.617 × 10−3)onset , (4.1)

it is possible to estimate the activation energy of ion migration using the on-

set of motional narrowing ()onset). Although it is not possible to extract )onset

from our data, if )onset is assumed to be 204 K, i.e., the lowest temperature

measured, then the estimated activation energy �WF
a ≈ 0.33 eV is obtained. To

gain more information, 6Li )1 measurements were attempted. However, due to

the fast relaxation of the system, they could not be accurately measured. This

activation energy is much lower than those obtained from the impedance data

presented. As previously discussed, differences in the activation energy be-

tween the data acquired via EIS andNMR spectroscopy is commonly attributed

to the contribution of grain boundary resistances in impedance data.

4.4.2 µSR Spectroscopy Studies

In conjunctionwith solid-stateNMR spectroscopy, the ionmobility of this

system has also been investigated via µSR spectroscopy. Muon decay asymme-

try data was acquired at three longitudinal fieldstrengths (0, 5, 10 G) from 40 to
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555 K. The asymmetry data was then fitted with the Keren function to obtain

the ion hopping rate, ν, and local field distribution, ∆. The Keren function is

an analytic generalisation of the Abragam relaxation function which, like the

Dynamic Kubo-Toyabe, models the effect of ion migration on the relaxation of

the muon spin. Figure 4.11 shows the variation of ν and ∆ with temperature.

At low temperatures, below ∼300 K, there is little variation in ν with tempera-

ture. Then, after ∼300 K there is an Arrhenius-type increase due to thermally

activated diffusion of lithium ions through the structure. This continues up to

421 K, after which there is a decrease in ν with temperature associated with

the motion becoming too fast to be captured by µSR spectroscopy. This is in

agreement with ∆ which is flat until ∼380 K, after which it decreases rapidly
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Figure 4.11: Variation in ion hopping rate, ν, and local field distribution, ∆,
with temperature obtained from fitting of the muon spin asymmetry data
with the Keren function.
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due to the ionic motion. After 442 K, ∆ plateaus as the lithium ion migration

becomes too fast.

In the µSR data, the onset of ion diffusion is observed at ∼300 K, in good

agreement with the 6,7Li NMR data (vide supra). From this data, a diffusion

coefficient of 3.89 × 10−12 cm2 s−1 at 300 K and an activation energy of 0.42(3)

eV have been calculated.231 This is similar to the diffusion coefficients reported

for other spinel materials, e.g., for Li4Ti5O12, �Li ≈ 3.2 × 10−11 - 4.0 × 10−12

cm s−1.234,235 When compared to the activation energy estimated using the

NMR data, �a is much higher and closer to that obtained from the EIS data

(0.46(1) eV). The differences between the two are likely caused by the series of

assumptions made during the calculation of �WF
a using the NMR data. The fact

that different timescales are probed during NMR and µSR experiments could

also be affecting values the obtained. Irrespective of this, it is important to note

that both methods indicate ion mobility and the occupation of the octahedral

12d lithium site at temperatures close to room temperature.

4.5 Conclusions

The migration of lithium ions through Li2NiGe3O8 has been investigated

using solid-state NMR spectroscopy, in conjunction with µSR spectroscopy

and previously reported neutron powder diffraction data. Based on the 7Li

MAS NMR data obtained, the octahedral (12d) lithium site is believed to be

occupied at temperatures as low as 260 K, which is considerably lower than

previously reported via neutron diffraction. This is in agreement with the

variable-temperature 6Li NMR data presented, where motional narrowing is

observed from, at most, 204 K. Gradual changes in the chemical shift of the

resonance corresponding to the tetrahedral site with temperature appear to

indicate migration of the lithium ions from the tetrahedral site, close to the

nickel centre, to the octahedral site. This supports the previously suggested ion

migration pathway comprised of hops between the tetrahedral and octahedral
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site. At present, Li2NiGe3O8 is not ready to be incorporated as a solid electrolyte

into an all-spinel all-solid-state battery. However, here, using a variety of

complementary characterisation techniques, it has been possible to determine

how lithium ions move through the spinel structure. This will be particularly

informative when considering how to improve the performance of spinels as

solid electrolytes. In particular, the presence of ion mobility close to room

temperature demonstrates the potential for this class of materials to be used

as solid electrolytes in the future. Despite their current ionic conductivities

not being adequate, there is the potential, via structural and compositional

changes, to improve the performance of such systems further. Hence, this

is an ongoing area of research. Understanding how ions travel through the

structure is important in the search for solid electrolyte materials with better

performance.



Chapter 5

Investigating the Structural

Changes of Sc2(WO4)3 after

Electrochemical Modification via

Potassium Discharge

5.1 Introduction

5.1.1 Negative Thermal Expansion

In general, most materials undergo thermal expansion, i.e., their volume

increases upon heating. However, certain materials can exhibit negative ther-

mal expansion (NTE), meaning their overall volume decreases when heated.

This phenomenon, which has been observed in a wide range of materials, in-

cluding metal organic frameworks,236 polymers,237 and ceramics,238 has led to

a wide range of potential applications. However, the majority of these involve

matching two materials, one that undergoes positive thermal expansion with

one that undergoes negative thermal expansion, thereby enabling the thermal

expansion properties of the resulting composite to be successfully tuned. For

example, it is important to match the thermal expansion properties of den-
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tal fillings to that of the tooth enamel. Furthermore, materials with low or,

more importantly, zero thermal expansion (ZTE) are important in the search

for robustmaterials, i.e., those that canwithstand large or rapid changes in tem-

perature. One common example is the low thermal expansion of oven-to-table

cookware.239

Thermal expansion is typically described by the volumetric thermal ex-

pansion coefficient, αV, given by:

αV =
1
+

d+
d) , (5.1)

where + is the volume of the material and d+
d) is the rate of change of the

volume with temperature. This coefficient is used to characterise the thermal

expansion properties of amaterial. The effects of thermal expansion can also be

considered in terms of their dimensionality, i.e., one dimensional, the change

of length with temperature, or in two dimensions, the change in surface area

with temperature. For amaterial that exhibits NTE, over a specific temperature

range, αV will be negative. It is believed that the specific mechanism for NTE

is different for each material.239 Hence, to determine this, each system needs to

be studied in detail.

5.1.2 Sc2(WO4)3

In recent years a number of inorganic-based systems have been inves-

tigated for potential NTE applications. For example, a series of molybdates

and tungstates with the general form A2(MO4)3 have been studied for their

NTE properties.240–242 The structure of A2(MO4)3, shown in Figure 5.1, is made

up of corner sharing AO6 octahedra and MO4 tetrahedra and contains large

voids that allow for the correlated movement or tilting of these polyhedral

units, which, in turn, creates a more compact unit cell. Hence, as the temper-

ature increases, these octahedra and tetrahedra tilt and the volume decreases
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Figure 5.1: (a) The crystal structure of Sc2(WO4)3241 at 300 K, composed of
a corner sharing network of ScO6 and WO4. The unit cell is denoted by a
dashed black line. (b) A schematic representation of how tilting the ScO6

octahedra and WO4 tetrahedra can result in smaller lattice parameters.

(Figure 5.1(b)). The focus of the study presented here is Sc2(WO4)3, which

adopts an orthorhombic structure in space group Pnca (Figure 5.1). Sc2(WO4)3

exhibits negative thermal expansion between 50 and 450 K. Within this tem-

perature range, a volumetric thermal expansion coefficent of −6.5× 10−6 K−1 is

reported.241

Interestingly, the large voids present in A2(MO4)3-type materials, in-

cluding Sc2(WO4)3, make them possible intercalation materials. More specif-

ically, the ability to intercalate alkali metal ions such as lithium, sodium, and

potassiumwouldmake them potential electrodematerials for alkali-ion batter-

ies.240,243,244 Hence, they are of particular interest within the battery research

community, as they could exhibit enhanced properties, including increased

volumetric and gravimetric energy densities etc.



200 Chapter 5. Electrochemically Modified Sc2(WO4)3

5.1.3 Electrochemical Modifications of Sc2(WO4)3

The intercalation of alkali metal cations into the A2(MO4)3 structure via

electrochemical cycling can create materials with improved and/or modified

physical properties. Furthermore, by controlling the intercalation of cations

via electrochemistry, it is possible to carefully control the quantity of cation in-

serted and, therefore, create specific phases with very precise compositions.240

For example, sodium was recently successfully intercalated into a Sc2(WO4)3

cathode via electrochemical discharge. The sodium was incorporated into the

Pnca structure. Once electrochemically modified, i.e., once cations have been

inserted via electrochemistry, the sodium-containing Sc2(WO4)3 can be heated

up to 698 K before any structural changes occur. The phase changes that occur

beyond698Karedependant on theprecise sodiumcontent in the system,which

can be described by the stage of discharge, e.g., if the system is at 100% dis-

charge, this is the point at which nomore sodium can be inserted. For a sample

that has been 50% discharged against sodium, Sc2(WO4)3 decomposes to form

amorphous or nanocrystalline phases that cannot be identified using diffrac-

tion methods. The 75% discharged sample, however, produced a mixture of

phases assigned to Sc6WO12 and a number of additional unknown phases.243

Similar intercalation experiments have been attempted for Sc2(WO4)3 using

lithium. These electrochemically modified samples (12.5% and 25% lithium

discharged) were shown to transition to a Sc0.67WO4-type phase at ∼900 K.

Such phases had only previously been reported using synthetic temperatures

and pressures of 1673 K and 4 GPa, respectively.244 Hence, the electrochemical

modification of certain systems could result in the identification of unusual or

less commonly observed phases, which could, in turn, be potentially useful in

battery-related applications.

Here, the potential for Sc2(WO4)3 to be used as an electrode material and

successfully intercalate potassium ions has been investigated. The intercala-

tion of potassium into potential electrode materials, such as Sc2(WO4)3 is of
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interest for potassium-ion batteries, which are an alternative to Li-ion batteries.

The world’s resources of lithium are currently declining and the remaining

lithium reserves are located in remote or politically sensitive places. Hence,

sodium- and potassium-ion batteries are being investigated as possible alterna-

tives.245,246 ElectrochemicallymodifiedSc2(WO4)3waspreparedbydischarging

Sc2(WO4)3 electrodes against potassium. After which, these samples have been

studied using a combination of PXRD and solid-state NMR spectroscopy in

order to determine how potassium is being incorporated into the structure.247

5.2 Experimental

5.2.1 Sample and Electrode Preparation and Electrochemical

Testing

Samples of Sc2(WO4)3 were prepared via traditional solid-state meth-

ods by our collaborators Junnan Liu, Dr Damian Goonetilleke, and Dr Neeraj

Sharma at the University of New South Wales, Australia. Stoichiometric

amounts of Sc2O3 (Sigma Aldrich, 99.9%) and WO3 (Carlo Erba, 99%) were

mixed and ground in an agate mortar and pestle before being heated in an

alumina crucible to 1000 ◦C (6 ◦C min−1) for 12 hours. Once cooled to room

temperature, the sample was ground and heated to 1200 ◦C for another 12

hours.

Samples of Sc2(WO4)3 were then prepared as electrodes for electrochem-

ical evaluation. These electrodes were prepared by casting a slurry consisting

of a mixture of 80% active material (Sc2(WO4)3), 10% carbon black (Timcal

C65), and 10% polyvinylidene difluoride (PVDF, MTI Corporation) dissolved

in a solvent of n-methyl-2-pyrrolidone (NMP). The slurry was stirred overnight

before being cast as a 200 µm thick layer on a copper foil substrate. The cast

electrodewas dried in a vacuum oven at 100 ◦C overnight, followed by pressing

at 100 kN for one hour in a hydraulic press. The electrode was returned to the
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vacuum oven for a further two hours before being transferred to an argon-filled

glovebox. Once in the glovebox, 16 mm diameter electrodes were punched and

used in the construction of potassium half-cells.

All electrodes were cycled against potassium metal in an electrolyte so-

lution of 1 M KPF6 in 50:50 ED:DMC. The electrodes were assembled into the

cell with an electrolyte soaked glass-fibre separator and potassium metal in a

CR2032 coin cell. The cells were allowed to rest for 24 hours before cycling.

Electrochemical discharge curves were recorded using a Neware Battery Test-

ing System at the University of New South Wales under galvanostatic condi-

tions, where cells were discharged to 0.01 V and charged to 2.5 V at 10 mA g−1.

For ex-situ PXRD and solid-state NMR studies, the cells were discharged to

0.01 V, which is 100% of the total discharge, at 10 mA g−1. Upon reaching

the discharged state, the coin cells were immediately transferred to the glove-

box, where the electrodes were extracted to minimise relaxation phenomena,

washed with DMC, and left to dry overnight.

5.2.2 X-Ray Diffraction

Variable-temperature X-ray diffraction experiments were completed by

our collaborators at the University of New South Wales. The dried electrode

material was packed into 0.5 mm diameter quartz capillaries and sealed un-

der an argon environment. Variable-temperature PXRD data was acquired

from 100 to 450 K using a Bruker D8 Advance diffractometer, using an Oxford

Cryostream and Mo Kα radiation. A ramp rate of 20 K per hour was used with

diffraction data being acquired every 30 minutes. High-temperature PXRD

data was also acquired via high-resolution synchrotron XRD experiments be-

tween 323 and 1023 K. This data was acquired using a FMB Oxford hot-air

blower on the Powder Diffraction Beamline at the Australian Synchrotron us-

ing awavelength of λ = 0.68885(1) Å, as determined using a LaB6 660b standard

referencematerial.248 This datawas acquired in 50 K intervals from 298 to 673 K
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and then in 25 K intervals until 1023 K. Data was also acquired upon cooling to

room temperature at 623, 423, and 298 K. All PXRD data was analysed, by our

collaborators, via Rietveld refinement using the GSAS-II software package.229

5.2.3 Solid-State NMR Spectroscopy

Solid-state 39K and 45Sc MAS NMR spectra were acquired for dried elec-

trodes of Sc2(WO4)3 after potassium intercalation. Inside an argon-filled glove-

box, samples were packed into Kel-F inserts and placed in 4 mm ZrO2 rotors.
39K MAS NMR spectra were acquired using a Varian VNMRS spectrometer

equipped with a wide-bore 9.4 T magnet and HXY probe using a Larmor fre-

quency of 18.67 MHz. 39K chemical shifts were referenced to 1 M KCl (aq).

Spectra were acquired using a spin echo experiment (90x - τ - 180y) with opti-

mised pulse lengths of 8.6 and 16.6 µs (rf ≈ 30 kHz), a recycle interval of 1 s,

and MAS rate of 8 kHz. 45Sc MAS NMR spectra were acquired using a Bruker

Avance III HD spectrometer equipped with a wide-bore 11.7 T magnet using a

Larmor frequency of 121.49 MHz. 45Sc chemical shifts were referenced to 0.06

M Sc(NO3)3 in D2O using the proton signal of neat TMS and the convention

stated in reference 136. Conventional 45Sc MAS NMR spectra were obtained

using a single pulse experimentwith a rf fieldstrength of 100 kHz, an optimised

recycle interval of 0.4 s, and MAS rate of 10 kHz. Specific acquisition details

are provided in the relevant figure captions.

5.3 Structural Effects of Electrochemical Modifica-

tions of Sc2(WO4)3

Electrodes of Sc2(WO4)3 were discharged against potassium metal until,

at the end of discharge, 4.1 K+ ions per formula unit were inserted into the

electrode, corresponding to a capacity of 132 mAh g−1. This is between the

capacities obtained for 12.5% and 25% discharged samples against lithium,
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83.5 and 167 mAh g−1, respectively.244 Figure 5.2(a) shows the potential pro-

files of Sc(WO4)3 versus K/K+. During discharge, the voltage profile exhibits

a smooth decrease, with no distinct plateaus observed.247 This suggests that

either a solid-solution or surface-based reaction is taking place during dis-

charge.249 Unfortunately, significant capacity loss was observed during cycling

and after 20 cycles, the capacity had dropped to∼10mAh g−1 (Figure 5.2(b)). To

determine what was happening structurally at the end of discharge, electrodes

were extracted and characterised via PXRD and solid-state NMR spectroscopy.

Rietveld refinement of the PXRD data, shown in Figure 5.3(a), indicated

good agreement with the Pnca structure reported for pristine Sc2(WO4)3. A

minor decrease (∼0.02%) in the lattice parameters was observed, indicating

minor structural changes occurring upon the insertion of potassium into the

structure. The Fourier difference map of the discharged sample, shown in

Figure 5.2: (a) Potential profiles of Sc2(WO4)3 electrodes versus K/K+ and (b)
the capacity retention as a function of the number of cycles.
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(a)

(b)

Figure 5.3: (a) Rietveld refinement of the PXRDdata obtained for a Sc(WO4)3
electrode after discharge against potassium ('wp = 7.816%). (b) The Fourier
difference map of the Sc2(WO4)3 100% discharged sample against potassium
showing areas of unaccounted for electron density (yellow).

Figure 5.3(b), displays the difference between the experimental data and the

refined model. The Fourier map indicates small regions of electron density

in the parent structure which are not accounted for by the Pnca model for

Sc2(WO4)3. Hence, it is likely that these regions represent the small amounts

of potassium that have been successfully intercalated into the structure.247

5.3.1 Solid-State NMR Studies

To determine the structural changes occurring upon discharge, 45Sc (� =

7/2) and 39K (� = 3/2) MAS NMR studies were completed for the Sc2(WO4)3
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electrode 100% discharged against potassium. Owing to their inherent prop-

erties 45Sc and 39K are not routinely used in NMR spectroscopy. Here, 45Sc

MAS NMR studies have been used to investigate the local environment of the

scandium site and determine how it is affected by the intercalation of potas-

sium. 45Sc is a spin � = 7/2 nuclei with a large quadrupole moment (−22.0

fm2). Typically, this results in broad lineshapes and spectra with large spectral

widths.250–252 The 45Sc MAS NMR spectrum obtained for the 100% discharged

sample, shown in Figure 5.4, exhibits a single resonance at δ = 14.5 ppm. This

is in good agreement with the expected Pnca structure and the presence of a

single crystallographic site for scandium. The manifold of spinning sidebands

was fitted in order to obtain the corresponding NMR parameters, �& = 2.3(1)

MHz and η& = 0.5(1). The relatively low value of �& suggests that the local

environment of the scandium is highly symmetrical and is in good agreement

δ

−2000−1000010002000

(ppm)

0102030

45Sc

δ (ppm)45Sc

Figure 5.4: The 45Sc (11.7 T) MAS NMR spectrum obtained for a Sc2(WO4)3
electrode after being 100% discharged against potassium. The main figure
shows a spectrum with a wide spectral width, whilst the inset displays an
expansion of the central transition. The spectrum is a result of averaging
3584 transients with an optimised recycle interval of 0.4 s. A MAS rate of 10
kHz was used.
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with the six-coordinate site in the Pnca crystal structure. At present, there is

limited literature on the chemical shifts expected for different scandium en-

vironments. This is mainly due to the rarity and high costs associated with

scandium-containing materials. However, six-coordinate scandium sites in

oxide-based materials typically exhibit much higher chemical shifts, δ ≈ 100 -

160 ppm.250 The large difference in chemical shift observed here is likely due

to the presence of potassium ions within the structure. The presence of nearby

cations can affect the local environment, in particular the local field experienced

by the nuclei. Hence, it is possible the introduction of potassium has had a

shielding effect. However, due to a distinct lack of literature regarding the effect

of the intercalation of potassium ions, it is not possible to ascertain precisely

how the potassium is influencing both the local scandium environment and

the corresponding 45Sc NMR spectrum. However, the data obtained suggests

that the potassium ions are close to the scandium site and, therefore, directly

affecting the local scandium environment. The potassium ions are expected to

intercalate into the large voids in the structure. Hence, it is possible for the

potassium to be located close to the scandium site.

To gain further insight into the environment of the potassium in the struc-

ture, 39KMASNMR studies were completed. Due to its low gyromagnetic mo-

ment (γ = 1.25 × 107 rad s−1 T−1) and unfavourable quadrupolar moment (5.85

fm2), 39KNMR is quite challenging and requires specialised hardware, namely

a low-γ tuning accessory. As a result, there are very few 39K NMR studies

currently reported in literature.253–255 The 39K MAS NMR spectrum acquired

for the Sc2(WO4)3 electrode after being 100% discharged against potassium is

shown in Figure 5.5. The spectrum obtained exhibits a single resonance at δ =

−39.0 ppm. Due to the very narrow and relatively featureless nature of the line-

shape observed it was not possible to extract any meaningful or useful NMR

parameters. However, the presence of a very sharp resonance suggests that

the potassium environment is highly symmetrical. As discussed earlier, the
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Figure 5.5: The 39K (9.4 T) MAS NMR spectrum obtained for a Sc2(WO4)3
electrode after being 100% discharged against potassium. The spectrum is
a result of averaging 80000 transients with a recycle interval of 1 s. A MAS
rate of 8 kHz was used.

Pnca structure of Sc2(WO4)3 contains large voids which are potential hosts for

cations such as potassium. The highly symmetrical nature of the potassium en-

vironment, as indicated by the 39KNMRdata suggests that potassium has been

inserted into the structure. This is in agreement with the PXRD data, which

also suggests potassium has been successfully incorporated into the structure.

It is noted that the potassium environment observed in the 39K MAS NMR

spectrum is well defined, i.e., there is a single sharp resonance, as opposed to a

distribution of different sites. This suggests that there is little or no disordering

of potassium within the structure. Given the challenging nature of 39K NMR

and the limited number of 39K NMR studies, there is very little information

currently available on 39K chemical shifts. It is noted that the chemical shift

observed, δ = −39.0 ppm, is within the range previously reported for solid

potassium salts and oxides (δiso = −60 - 60 ppm).254,255 Unfortunately, it is not

possible to comment on the precise structural meaning of the chemical shift ob-



5.3. Structural Effects of Electrochemical Modifications of Sc2(WO4)3 209

served in the 39K MAS NMR spectrum. It is, however, extremely encouraging

that it was feasible to acquire a 39K NMR spectrum for an intercalated species.

At present, it is only possible to extract limited structural information

from the both 45Sc and 39KMASNMR data obtained. Unfortunately, a detailed

and comprehensive NMR study was outside the scope of this study. However,

the ability to probe the potassium environment of the intercalated potassium

using 39K NMR is extremely promising and highlights the potential for future

studies of potassium-discharged samples.

5.3.2 Variable-Temperature PXRD Studies

The structural insight obtained from both the PXRD and solid-state NMR

datapresentedwasused to investigate thephase behaviour of electrochemically

modified Sc2(WO4)3 as a function of temperature. This allows any potential

NTE behaviour and phase changes to be investigated. After being discharged

against potassium, the Sc2(WO4)3 electrodeswere studied using PXRD over the

temperature ranges 100 - 450 K (laboratory XRD) and 323 - 1023 K (synchrotron

XRD). The Rietveld refinement of the PXRD data collected between 100 - 450 K

is in agreement with the Pnca structure. Figure 5.6 shows the variation of the

refined lattice parameters, a, b, and c, and cell volume,+ , with temperature. A

gradual decrease in a and c are observed on heatingwhilst b increases. Overall,

the electrochemically modified Sc2(WO4)3 exhibits NTE over the temperature

range 100 - 450Kwith volumetric expansion coefficients ofαV = −5.79(1)× 10−6

K−1 upon heating and αV = −6.1(1) × 10−6 K−1 on cooling. This is smaller than

that reported for pristine Sc2(WO4)3 (αV = −6.5 × 10−6 K−1 from 50 to 450 K).241

The same variation with temperature is observed for the lattice parameters and

cell volume in the high-resolution synchrotron data collected between room

temperature and 623 K.

At higher temperatures, above 623 K, the system undergoes significant

phase changes. It is noted that, in previous studies, Sc2(WO4)3 was shown to be
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Figure 5.6: The variation in the refined lattice parameters with temperature,
obtained from Rietveld refinement of the variable-temperature PXRD data
collected for a Sc2(WO4)3 discharged against potassium.

stable and exhibit NTE up to 1073 K.241,243 Between 623 and 873 K, additional

reflections are observed in the PXRD data.243 At 974 K, Rietveld refinement of

the PXRD data indicates the presence of α-K2WO4, with space group P3̄m1.

This structure has previously been reported for α-K2SO4.256 This phase is first

observed at 623 K, after which its concentration increases until it is the main

phase at 923 K. In addition to α-K2WO4, small peaks corresponding to a mi-

nor impurity(s) are observed. Interestingly, the α-K2WO4 phase exhibits NTE

between 923 and 1023 K with a very large volumetric expansion coefficient

αV = −1.90 × 10−4 K−1. To date, this is the largest negative thermal expan-

sion coefficient reported within this temperature range. This is particularly

encouraging as this phase has not previously been refined. Importantly, this

demonstrates how electrochemical modification can create new, useful phases

and/or lead to interesting structural changes.
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5.4 Conclusions

Electrodes comprising of Sc2(WO4)3 show promise as host materials for

the intercalation of potassium and, hence, future battery-related research. At

the end of the first discharge and after the insertion of potassium, XRD studies

indicate that the Pnca structure of Sc2(WO4)3 is preserved. 45Sc MAS NMR

studies of the 100% discharged sample indicate the presence of a single sym-

metrical scandium environment, in agreement with the proposed structure.

Complementary 39K MAS NMR studies suggest a highly symmetrical potas-

sium environment upon intercalation, thereby supporting the successful in-

corporation of potassium into the structure. Unfortunately, it is only possible

to obtain limited structural information from the data presented. However,

the ability to probe intercalated potassium using 39K MAS NMR is extremely

promising, especially for future studies of potassium-discharged samples.

In addition to this, the thermal expansion properties of the electrode ma-

terial after being discharged against potassium were explored using variable-

temperature PXRD. The discharged electrode itself exhibited a slightly lower

thermal expansion coefficient than that reported for pristine Sc2(WO4)3. How-

ever, significant NTE behaviour, attributed to the presence of the α-K2WO4

phase, was observed between 923 and 1023 K. This phase exhibits the largest

negative thermal expansion coefficient, αV = −1.90 × 10−4 K−1, observed in this

temperature range to date. This highlights how electrochemical modifications

can be used to create new phases with promising physical properties that may

not be accessible via conventional methods.
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Chapter 6

Conclusions and Future Work

6.1 Probing the Ion Mobility of Solid Electrolyte

Materials

The development of all-solid-state batteries is vital in the search for safer

alternatives to current commercial lithium-ion batteries. Within this, the pur-

suit of potential solid electrolyte materials with high ionic conductivities that

are compatible with electrode materials is crucial if they are going to compete

with commercial liquid electrolytes. As a result, a detailed understanding

of the lithium-ion conduction pathway, and how it is affected by structural

changes, is required in order to optimise the ion mobility of potential solid

electrolytes.

6.1.1 Probing the Effects of Sodium-Doping on Ion Mobility

in Li5La3M2O12

The lithium-stuffed garnet Li5La3M2O12 (M = Nb, Ta) is a potential

solid electrolyte that exhibits moderate ionic conductivity at room tempera-

ture. However, the substitution of cations, such as barium and calcium, has

been shown to result in an increase in ionic conductivity. Here, the sub-

stitution of sodium onto the lanthanum site was investigated in the series
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Li5+2xLa3–xNaxM2O12 (M = Nb, Ta, G = 0 - 0.4). A powerful range of comple-

mentary techniques were used to probe the effect of sodium substitution on

the ion mobility in these lithium-stuffed garnets.

Samples in this series Li5+2xLa3–xNaxM2O12 were synthesised via con-

ventional solid state methods. High-resolution 6,7Li and 23Na MQMAS NMR

spectroscopy, in conjunctionwith PXRD, suggests that sodium substitutes onto

the multiple octahedral sites within the structure. In addition to the expected

lanthanum site, sodium appears to substitute onto the octahedral lithium site

associated with ion conduction. Unfortunately, impedance measurements in-

dicate a decrease in ionic conductivity as the sodium content is increased.

Variable-temperature 6Li NMR spectroscopy and 23Na EXSY studies, paired

with MD simulations, confirm that the ionic conductivity arises solely from

lithium-ion migration. Furthermore, from the data presented, it is believed

that the sodium ions occupy sites within the conduction pathway that are

blocking the migration of lithium ions and, thus, decreasing the ionic con-

ductivity. This is in good agreement with the EIS and µSR spectroscopy data

presented.

Further investigations into how the wider structure of Li5La3M2O12 is af-

fected by sodium substitutions were also carried out. The number of crystallo-

graphically distinct sites observed in the 139La and 17ONMR spectra presented

suggest that, locally, the system exhibits a lower symmetry than the cubic struc-

ture (Ia3̄d) observed on average using PXRD. This highlights the importance

of using a wide range of complementary techniques, investigating both the

long- and short-range order of the material. This is of particular importance

for functional materials, where the local- and/or long-range order may affect

the observed physical properties.

Unfortunately, during the course of this study, it was not possible to pre-

cisely determine the space group or symmetry of the system. In order to study

this further, an additional local probe, e.g., pair distribution function (PDF)
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analysis or X-ray absorption spectroscopy may be required. By understand-

ing the local structure in greater detail, it is hoped that further improvements

could be made to optimise the ionic conductivity of the system. Furthermore,

first-principles DFT calculations could be used to calculate the NMR parame-

ters. When used in conjunction with the solid-state NMR data presented, this

would provide deeper insight into the local structural changes observed upon

doping. Due to the complex nature of the lithium-stuffed garnet structure,

most notably the partial occupancies, calculations of this nature are no easy

task. As detailed in Chapter 3, some preliminary calculations were completed

for the sodium-doped lithium-stuffed garnet system. However, these were un-

successful. Hence, additional work is needed optimise these calculations in

order to gain meaningful and useful results.

Asdiscussed earlier, a differencehas beenobserved in the ionic conductiv-

ity of samples produced using sol-gel and solid state methods. Unfortunately,

attempts to synthesise lithium-stuffed garnets via sol-gel methods presented

here were unsuccessful. Hence, further studies into the synthetic method

would be required if a comparison is to be made. There are a number of sol-

gel-basedmethods reported in literature for the synthesis garnet-based systems

that could be adapted for the synthesis of sodium-doped lithium-stuffed gar-

nets. Furthermore, incorporating ball milling into the sol-gel method may

result in the formation of phase pure garnets. Understanding how the syn-

thesis method effects the local structure of the system may be important to

improving the ion mobility of the system.

6.1.2 Investigating Ion Migration in Li2NiGe3O8

The complex spinel Li2NiGe3O8 is being investigated as a potential solid

electrolyte for use in all-spinel all-solid-state batteries. It is hoped that by

matching the structure and lattice parameters of the anode, cathode, and elec-

trolyte it is possible to reduce the interfacical resistance within the battery. The
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ion migration of lithium ions through Li2NiGe3O8 has been investigated using

solid-sate NMR spectroscopy, in conjunction with impedance measurements,

µSR spectroscopy, and previously reported neutron diffraction data. Based

on the 7Li MAS NMR data presented, the octahedral lithium site, associated

with ion migration, is believed to be occupied at temperatures as low as 260

K. Although this is much lower than previously reported via neutron diffrac-

tion data, ion mobility observed in the VT 6Li NMR and µSR data supports

these findings. The VT 6Li NMR data presented exhibits motional narrowing

from, at most, 204 K, in good agreement with the presence of the octahedral

lithium site. Furthermore, changes in the chemical shift of the resonance cor-

responding to the tetrahedral site with temperature suggest that lithium ions

are migrating from the tetrahedral site to the octahedral site and, in doing so,

are moving further away from the paramagnetic nickel centre. Hence, the data

presented has provided valuable insight into the lithiummigration pathway of

Li2NiGe3O8 from room temperature and above.

During this study, it was not possible to obtain an activation energy from

the VT 6Li NMRdata. This was due to the limited temperature over which data

could be acquired. In order to obtain an activation energy, the full motional

narrowing curve needs to be obtained. Hence, 6Li NMR data would need to

be acquired at lower (<204 K) and higher (>609 K) temperatures. Specialised

probeswould be required to reach these temperatures, e.g., laser-heated probes.

Despite Li2NiGe3O8 not currently being ready to be incorporated into

an all-spinel all-solid-state battery, this work has demonstrated the importance

of using a variety of complementary characterisation techniques. Here, it has

been possible to determine how lithium ions migrate through the structure,

which can then be taken into account when considering how to improve the

performance of spinel-based solid electrolytes. Hence, applying the techniques

used here to a comprehensive study of other complex spinels may reveal new

potential solid electrolytes. Before Li2NiGe3O8 can be implemented in an
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all-spinel battery, systematic studies, including structural and compositional

changes, will be required to improve the performance of the system further.

Moreover, once an acceptable ionic conductivity has been achieved, the system

needs to be lattice matched with suitable, compatible spinel-based electrodes.

At this stage, it will be important to test the electrochemical performance of

Li2NiGe3O8 within a working cell in a wide range of conditions.

6.2 Studying the Electrochemical Modification of

Sc2(WO4)3

Sc2(WO4)3 belongs to a class of materials that exhibit NTE, whose struc-

ture is composed of corner sharing ScO8 octahedra and WO4 tetrahedra. This

structure contains large voids into which alkali ions, such as lithium and

sodium, have previously been intercalated. Here, potassium ions were suc-

cessfully intercalated into Sc2(WO4)3 electrodes via electrochemical discharge.
45Sc and 39K MAS NMR studies, in conjunction with PXRD data, supports the

successful incorporation of potassium into the voids of the structure. The abil-

ity of Sc2(WO4)3 to intercalate potassium ions makes it a candidate electrode

material for potassium-ion batteries.

Additionally, the thermal expansion properties of the electrode material

after being discharged against potassium were explored. A slightly lower

thermal expansion coefficient was observed for the electrode after discharge

compared to that of pristine Sc2(WO4)3. However, significant NTE behaviour

(αV = −1.90 × 10−4 K−1), attributed to a α-K2WO4 phase, was observed between

923 and1023K. Todate, this is the largest negative thermal expansion coefficient

observed in this temperature range.

Unfortunately, it was only possible to obtain a limited amount of informa-

tion from the 45Sc and 39KMASNMR data presented in this study. However, it

is extremely promising that intercalated potassium can be probed via 39KMAS
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NMR. This is encouraging for future studies of potassium-discharged samples.

In order to obtain more detailed information about the structural changes oc-

curring in Sc(WO4)3 during electrochemical modification, systematic studies

investigating how both 45Sc and 39KMASNMR spectra are affected by local en-

vironment, in particular cation intercalation, would be required. Furthermore,

studying a variety of electrodes, discharged under different conditions, could

provide further insight into the performance of the Sc2(WO4)3 electrode. For

example, how is intercalation affected by the rate of discharge? Additionally,

studying electrodes at different stages of discharge, e.g., 10%or 25%discharged,

may provide additional information about how potassium is intercalated into

the structure.
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Figure A.1: The 23Na MAS and MQMAS (11.7 T) NMR spectra obtained for
(a) Li5.4La2.8Na0.2Nb2O12 and (b) Li5.8La2.6Na0.4Nb2O12. The MQMAS NMR
spectra are the result of averaging (a) 2304, and (b) 576 transients with a
recycle interval of 0.4 s for each of the (a) 72 and, (b) 48 increments of 10 µs.
All spectra were acquired using a MAS rate of 10 kHz. In each spectrum the
anisotropic lineshapes for the individual sites have been extracted along the
horizontal ridges denoted by the purple, green, red, blue, and orange dotted
lines.
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Figure A.2: The 23Na MAS and MQMAS (11.7 T) NMR spectra obtained for
(a) Li5.4La2.8Na0.2Ta2O12 and (b) Li5.8La2.6Na0.4Ta2O12. The MQMAS NMR
spectra are the result of averaging (a) 2304 and (b) 3456 transients with a
recycle interval of 0.4 s for each of the (a) 72 and (b) 48 increments of 10 µs.
All spectra were acquired using a MAS rate of 10 kHz. In each spectrum the
anisotropic lineshapes for the individual sites have been extracted along the
horizontal ridges denoted by the purple, green, red, blue, and orange dotted
lines.



234 Appendix

4000 −40002000 0 −2000

Overall Fit
La1
La2

139La δ (ppm)

Figure A.3: Static 139La (11.7 T) NMR spectra obtained for Li5La3Ta2O12.
Spectra are the result of averaging 48000 transients with a recycle interval of
0.1 s. Here, the spectrum is fitted with two sites, La1 and La2, with δiso =
342(8) and 552(8) ppm, CQ = 16.7(5) and 22.9(2) MHz, ηQ = 0.68(3) and 0.91(2),
Ω = 868(7) and 384(8) ppm, and κ = −0.9(1) and −0.8(1), respectively.
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Figure A.4: Static 139La (11.7 T) NMR spectra obtained for
Li5.4La2.8Na0.2Nb2O12. The spectrum is the result of averaging 48000 tran-
sients with a recycle interval of 0.1 s. The spectrum is fitted with three sites,
La1, La2, and La3, with δiso = 342, 552, and 471 ppm, CQ = 17.9, 21.3, and 35.1
MHz, ηQ = 0.55, 0.91, and 0.17, Ω = 933, 449, and 637 ppm, and κ = −0.7, −0.2,
and −0.8, respectively.
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Figure A.5: Static 139La (11.7 T) NMR spectra obtained for
Li5.8La2.6Na0.4Ta2O12. The spectrum is the result of averaging 48000 tran-
sients with a recycle interval of 0.1 s. The spectrum is fitted with three sites,
La1, La2, and La3, with δiso = 409, 351, and 471 ppm, CQ = 18.0, 20.0, and 33.0
MHz, ηQ = 0.55, 0.91, 0.17, Ω = 1005, 430, and 1229 ppm, and κ = −0.4, −0.3,
and −0.8, respectively.


