(K4 UNIVERSITY OF

&7 LIVERPOOL

Towards Understanding of the Local Structure and Li-
lon Dynamics in Solid Electrolyte Candidates Using
Solid-State NMR

Thesis submitted in accordance with the requirements of the
University of Liverpool for the degree of Doctor in Philosophy

by
Benjamin B. Duff

Department of Chemistry

March 2023



Towards Understanding of the Local Structure
and Li-lon Dynamics in Solid Electrolyte

Candidates Using Solid-State NMR

Benjamin B. Duff

Abstract

It is of great interest to develop solid state ionic conductors to replace liquid
electrolytes in next-generation Li-ion battery technologies due to the significant
effect upon everyday life that comes from the enhancement of power output,
safety and lifetime of current generation Li-ion batteries. Research teams from
all over the world are continuously examining potential candidates to produce
such materials, but challenges like lithium electrochemistry stability and poor
ionic conductivity make it difficult to reach the goal. Li-containing materials
providing fast ion transport pathways are fundamental in Li solid electrolytes
and the future of all-solid-state batteries. Understanding the structures as well
as the Li-ion pathways, is paramount for further developments in next-
generation Li solid electrolytes. Solid-state nuclear magnetic resonance
(NMR) spectroscopy is an invaluable analytical technique in the research of
solid-state Li-ion conductors due to the capability of probing both the structures
and ion dynamics on the atomic level and across a wide range of timescales
that are often inaccessible by other experimental techniques. In this thesis,
advanced solid-state NMR techniques have been utilised in order to probe the
structures of a series of newly synthesised materials as well as access the Li-

ion dynamics from the ultra-slow (sub-HZ) to the ultra-fast (MHz) scales.



Firstly, static ’Li line narrowing NMR, SLi magic-angle spinning, ©Li-SLi
exchange spectroscopy and ’Li relaxometry were used in order to fully
characterise the ion mobility pathways in two newly synthesised lithium
aluminium sulfides, LizAlS3 and Li4.3AIS33Clo.7, where in the former, “Li variable
temperature revealed the presence of both mobile and immobile Li ions while
in the latter a single type of fast-moving ion is present and responsible for the
higher conductivity of this phase. 6Li-5Li exchange spectroscopy spectra of
LisAlSs revealed that the slower moving ions hop between non-equivalent Li
positions in different structural layers. The absence of the immobile ions in
Li4.3AIS3.3Clo.7, as revealed from “Li line narrowing experiments, suggested an
increased rate of ion exchange between the layers in this phase compared
with LisAlS3. Secondly, “Li line narrowing and relaxation measurements
allowed for the quantification of the Li-ion jump rates in the anion substituted
phase Li3.3SnS3.3Clo.7. Detailed analysis of the frequency dependence of the
NMR relaxation rates indicated low-dimensional Li-ion diffusion, which when
combined with the results from the nuclear density obtained from the maximum
entropy method, revealed the Li-ion pathway to be one-dimensional. Finally, a
series of °Li and 3'P NMR techniques in conjunction with density functional
theory allowed for the characterisation of the structure of the ultraphosphate
phase LizP5014. A number of complimentary ’Li NMR techniques also allowed
for the quantification of the ion dynamics and confirm the ion pathway to be
three-dimensional. These results signify the importance of solid-state NMR for
the research of new Li-ion conductors as not only a complimentary analytical

technique to other methods, but also a primary standard for the experimentally
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obtained ion mobility pathways and quantification on timescales inaccessible

to other methods.
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Thesis overview

Chapter 1 covers basic principles of NMR along with an introduction to the

solid-state NMR methods and theory used within this thesis.

Chapter 2 provides a general introduction to battery technology as well as a
literature review of selected NMR techniques used to probe ion dynamics in

this field.

Chapter 3 is comprised of three published papers concerning two newly
synthesised aluminium sulfides, LisAlSs and Li43AlS33Clo7 entitled
“Computationally Guided Discovery of the Sulfide LizAlS3 in the Li-Al-S Phase
Field: Structure and Lithium Conductivity” and “Lis.3AlS3.3Clo.7: A Sulfide—
Chloride Lithium lon Conductor with Highly Disordered Structure and
Increased Conductivity”. These two papers are focussed on the first reporting
of these materials along with various analytical techniques used to probe these
new phases, this chapter combines the NMR contribution to these two
collaborative works, where NMR was used in order to contribute to the
structural elucidation of these phases. The NMR from these two papers is
combined with a third paper entitled “Towards Understanding of the Li-lon
Migration Pathways in the Lithium Aluminium Sulphides LisAlS3 and
Li4+3AIS33Cloz via ©7Li Solid-State Nuclear Magnetic Resonance
Spectroscopy” focussed on probing the ion dynamics in both materials via a

range of 87Li solid-state NMR techniques.

Chapter 4 is comprised of the NMR contribution to the collaborative paper
entitled “Element selection for crystalline inorganic solid discovery guided by

unsupervised machine learning of experimentally explored chemistry”
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encompassing the detailed analysis of the Li-ion mobility in the newly
discovered material Li3.3SnS3.3Clo.7 through “Li variable temperature NMR

experiments.

Chapter 5 contains the NMR contribution to the recent reporting of the
ultraphosphate phase LisP5014 entitled “Extended Condensed Ultraphosphate
Frameworks with Monovalent lons Combine Lithium Mobility with High
Computed Electrochemical Stability” as well as an ongoing project focussing

on probing the Li-lon dynamics via a range of solid-state NMR techniques.

Chapter 6 gives an overall conclusion and future outlook for the project.

Note: All chapters which contain work based on publication have been
amended to include the supporting information into the main text. All chapters
should be considered standalone, in that abbreviations and equations will be

repeated if not previously mentioned in that chapter.
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1. Introduction

1.1 Nuclear Magnetic Resonance

Spectroscopy’?

1.1.1 Spin angular momentum

It is well known that atoms, molecules and nuclei possess two distinct forms
of momentum. The first, classical angular momentum arises in rotating objects
or executes a trajectory along a curved path, much like the earth orbiting
around the sun. Spin is the second variety of angular momentum and is an
intrinsic property to the majority of nuclei in nature. However, spin angular
momentum, | is not related in any way to rotation but rather an intrinsic property
of particles. In quantum mechanics, spin angular momentum | is quantized in
units of the reduced Planck’s constant, h and the allowed quantized values of
| are:
I=nJI(1+1) (Eq. 1.1)

where | is the principal spin quantum number and is any positive value of n/2
e.g 1/2, 1, 3/2, etc. Atomic nuclei consist of protons and neutrons, which are
examples of nucleons and consist of three quarks. These quarks also possess
spin angular momentum equal to 1/2 and under typical laboratory conditions,
where one of the quarks has a spin antiparallel to the other two, leading to a

resulting net spin in the nucleon of 1/2.

The interaction between a nuclear spin and an external magnetic field is
expressed by the nuclear magnetic moment, u. The scalar product of u and

the magnetic field, B leads to the magnetic energy Emag:



Emag=—M1'B (Eq. 1.2)
The vast majority of nuclei in the periodic table have one or more isotopes that
are NMR active that is in the presence of an external magnetic field possess
a nuclear magnetic moment proportional to the nuclear spin angular

momentum |I:

i=yi (Eq. 1.3)

where y is a proportionality constant known as the gyromagnetic ratio.

The available energy levels of a nuclear spin can be described in terms of I.
The nuclear spins have 2(1+1) energy levels available, in the absence of a
magnetic field, these energy levels are degenerate. This degeneracy is
removed by the nuclear Zeeman interaction once under the influence of an
external magnetic field, Bo giving rise to small difference in the population of
spins aligned parallel to the magnetic field versus spins aligned anti-parallel,
thus resulting in polarization and a net magnetic moment in the bulk sample
aligned with the magnetic field (Figure 1.1). The resulting energy difference is
expressed as:

AE = yhB, (Eq. 1.4)

this energy difference is inherently small and the transitions between these
non-degenerate nuclear spin states that is observable in nuclear magnetic
resonance (NMR) spectroscopy. Signal intensity in NMR is dependent on the
population difference between these energy levels and be expressed using a

Boltzmann distribution:

Nypper _AE
_UPPEr _ o "RgT (Eq. 1.5)

Njower



where ks is the Boltzmann constant and T is temperature. The population
difference is inherently very small and hence endeavours are often made to
increase this population difference through increasing the magnetic field

strength and hence AE, as well as decreasing the temperature.

A « m=-1/2 ‘ m = -3/2
[—— m=-1/2
AE =vhBy/2n
[—— m=1/2
—Y———m=1/2 4 m = 3/2

Figure 1.1 Energy level diagram for the transition of electrons between nuclear
spin states in an external magnetic field Bo aligned with the page, for (left) | =
1/2 and (right) | = 3/2. AE is the energy difference between spin states, h is

Planck’s constant and y is the gyromagnetic ratio of the relevant nucleus.

Whilst under the influence of an external magnetic field the nuclear spins in
the sample of interest are known to undergo a process known as precession.
The frequency at which these nuclear spins precess is known as the Larmor
frequency, wo is proportional to the strength of the magnetic field and is

expressed as:

(1)0 = _y BO (Eq. 1.6)

NMR spectroscopy offers insights into the local environments of nuclei of

interest due to the inherent sensitivity to the local electronic environment of the
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nucleus. Electron density around a nucleus induces local magnetic fields that
perturb the frequency of precession of the nuclear magnetic moment i.e wo.
These induced magnetic fields, Binduced are also dependent on Bo as well as
the chemical shielding o, the surrounding electrons cause this shielding effect
on the nucleus, with different shielding effects resulting from different chemical
environments e.g valences, bonding etc. The current induced by an external
magnetic field generates an induced local magnetic field, Bioc which relates to

Bo through a second-rank chemical shielding tensor c:

Oxx Oxy Oxz
Bioc = Bo(1—0) = (GYX Oyy GYZ> By (Eq. 1.7)
Ozx Ozy Ogzz

where X, y and z are the axis frame. As a result, the resonance condition of a

nucleus in a magnetic field becomes:

vV = E(l—c) (Eq. 1.8)

Equation 1.7 can then be transformed with three vectors that represent a
suitable frame of reference known as the principal axis system, PAS ensuring
the resulting matrix is diagonal and the tensor can as such be defined by three
principal values. For chemical shielding these terms are defined as o}%’, o(4°
and o%%° and are associated with the PAS x, y and z axes respectively. The

shielding tensor in the PAS can hence be written as:

ordS 0 0
0 o o (Eq. 1.9)
0 0 ob5S

The values of these terms may then be used to define an isotropic component

of the shielding tensor, ciso:



1
Ojso = §(G§£S+G£?S+O'EZAS (Eq. 1.10)

In order for the measurable frequencies in NMR to be magnetic field
independent, they are expressed as chemical shifts 8, in parts per million, ppm.
The chemical shift is measured with respect to a reference sample and divided

by the resonance frequency in order to generate the frequency difference:

5= 106 Vsample — Vreference (Eq 111)

Vreference
where vsample and vreference are the nuclear Larmor frequencies of the same
isotope in the sample being measured and a reference compound

respectively. Thus the isotropic chemical shift diso is expressed as:

Ojso,ref — Oiso

Siso =

(Eq. 1.12)

1- Ojso,ref
where cisoref and ciso are the isotropic shielding tensors of the reference

compound and the sample respectively.



1.1.2 The vector model

A simple representation of a how nuclei behave once perturbed from thermal
equilibrium is shown in Figure 1.2 This representation is known as the vector
model, where the individual magnetic moments arising from the nuclear spins
in the sample, begin to arrange themselves parallel with the applied magnetic
field, this alignment is referred to as the bulk magnetization vector. The
individual magnetic moments are not all able to adopt the lowest energy
arrangement in which they align with the magnetic field, due to thermal motion,
however there is a small preference for alignment with the field and when

averaged across the sample, gives rise to the bulk vector.

Figure 1.2 Schematic representation of the vector model associated with a
simple NMR experiment, where the bulk magnetization vector (orange) is tilted
away from thermal equilibrium by a 90° rf pulse along the y-axis and the vector

precessing within a conducting NMR caoil.

Once the magnetic moments have reached equilibrium the vector is fixed in
size and direction. However, in order to detect a signal in NMR spectroscopy
this nuclear magnetization vector needs to be tilted away from equilibrium.
This is achieved through an oscillating electromagnetic pulse, which generates

an oscillating magnetic field B1, this generates a weak magnetic field
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oscillating for a short time interval in, for instance along the y-axis, known as
a radiofrequency (rf) pulse. The magnetization vector is now tilted towards the
x-axis and is no longer aligned with Bo. Once the rf field is switched off, the
magnetization will begin to precess about the z-axis and return to equilibrium.
Crucially the coil used to detect the precession of the magnetization vector

(Figure 1.2) can be used to generate the oscillating magnetic field.

The magnetic part of the rf field can be expressed as two vectors rotating in
opposite directions in the xy-plane (Figure 1.3). The two counter-rotating fields

have the same magnitude B1 and both rotate at the transmitter frequency otx,
therefore at time zero both vectors are aligned and give a total field of 2B1. As

time proceeds, the vectors rotate in opposite directions and the x-component
decreases to zero as the vectors rotate to 90° and then increase again along
—x as the angle exceeds 90°. However since one of these vectors will
inherently be rotating in the opposite direction to the direction of Larmor
precession, it will have no significant interaction with the magnetization and
can hence be ignored. This allows for the transformation into a co-ordinate
system which rather than being static (laboratory frame) like previously, is
rotating about the z-axis in the same direction and at the same frequency
(Figure 1.3). This means that any spins precessing at exactly the Larmor
frequency will appear still and any spins at a slight variation of this frequency
will only move very slowly. In other words, moving to the rotating frame

removes the time-dependency of the field.



>

Figure 1.3 (Top) lllustration of how two counter-rotating fields with the same

magnitude rotate at the transmitter frequency when viewed in a fixed axis
system also known as the laboratory frame of reference. (Bottom) How the
same field viewed in an axis system rotating at the transmitter frequency about
the z-axis; where in this rotating frame of reference, the rotating field appears

static.



1.2 Solid-state NMR

1.2.1 Interactions in Solid-state NMR

The interactions of nuclei in a magnetic field are described by Hamiltonian
operators which define the energy of the various interactions (Table 1.1)
(Equation 1.13).3 These interactions are responsible for the lineshape and

positioning of the NMR signals:

H= H,+ Hj+ Hcsiso + Hesaniso + Hp + (Ho) + (Hp) + (Hy)  (Eq. 1.13)

that correspond to the Hamiltonians associated with the different interactions
involved in NMR, namely the Zeeman, J coupling, isotropic and anisotropic
chemical shift, dipolar coupling, quadrupolar coupling, paramagnetic coupling
and Knight shift. These interactions and the corresponding Hamiltonians are

summarised in Table 1.1.



Table 1.1 Summary of the interactions in NMR and the corresponding

expressions

Hamiltonian Interaction Equation
H, Zeeman Splitting —YB,l,
H; J Coupling PR PP
R Isotropic Chemical Shift —v1,By0iso
Hes
Anisotropic Chemical Shift —v1,Bo0aniso (305?60 — 1)
Heteronuclear Dipolar IR
_ d;j(3cos?0 — DIy,l,,
R Coupling
Hp
Homonuclear Dipolar . . ..
_ d;j(3cos?0 — 1)[31;,1,, — 1,1,]
Coupling
A Quadrupolar Coupli a [-V-1
Q uadrupolar Coupling e TN
Hp Paramagnetic Coupling Ho + Hz + (Heontact + Hp)
N
Ay Knight Shift - Z vi-1-R-B
i

The nature of the Zeeman interaction has been described in section 1.1.1, the

remaining interactions perturb this Zeeman interaction. The chemical shift

Hamiltonian, Hcs relates to the nuclear spin interaction with the surrounding

electrons. The isotropic chemical shift has been defined in section 1.1.1,

however in the absence of Brownian motion, the anisotropic chemical shift

differs depending on the orientation of the sample, see section 1.2.1.1. The

dipolar coupling interaction, Hp relates to the direct interaction of two dipoles

with each other, either of the same nuclei (homonuclear) or differing nuclei

(heteronuclear). This interaction depends on both the interatomic distance

between the two nuclei, as well as the orientation of the resulting dipolar vector

10



with Bo. J Coupling, Hy is an indirect through-bond interaction of the nuclear
magnetic moments mediated by the bonding electrons. The quadrupolar
coupling interaction, Haq, is only relevant to nuclei with | > 1/2 due to the
electronic charge distribution not being spherically symmetrical, which allows
the electric field gradient to interact with the nucleus perturbing the energy
levels as shown in Figure 1.6. Paramagnetic coupling is only present in
species which have an unpaired electron. This electron interacts with the
surrounding nuclei in a manner expressed in Hp (Table 1.1), where Ho is the
field and nuclear spin-free electronic part containing information on the
interactions arising from kinetic energy and electrostatic interactions involving
the electrons and nuclei and Hcontact + Hp are the Fermi contact and dipolar
effects, which together describe the strong interaction known as the electron-
nucleus hyperfine coupling. Knight shift is present in metallic species where
Hk describes the interaction between conduction electrons and the nuclear
spins, which is summarised in Table 1.1 for an ensemble of N number of spins
i and K is a second-rank tensor similar to the chemical shielding tensor. None
of the materials discussed in this thesis are metallic or possess unpaired

electrons and hence Hp and Hk are not relevant going forward.

Many of these interactions contain an orientation dependent term (3cos26-1).
This term is averaged to zero in the liquid state, due to Brownian motion,

resulting in the overall NMR signal in the solution state to be:

-~

Hsotution = ﬁz + I’:\I] + ﬁCSiso + (ﬁQ) (Eq. 1.14)
without this rapid tumbling, the Hamiltonians for anisotropic chemical shift,

dipolar coupling and quadrupolar interactions are not averaged out, resulting

11



in broad lines within the solid state spectrum, the result of which gives the

following for the overall NMR signal, in the solid state:

ﬁsolid = ﬁZ + i:l] + ﬁCSiso + ﬁCSaniso + ﬁD + (FIQ) (ECI 115)

12



1.2.1.1 Chemical Shift Anisotropy

Chemical shift is a measure of the extent to which the nuclear spin is shielded
from the external field by surrounding electrons. The shielding occurs as BO
induces an electronic current in bonding electrons surrounding the nucleus,
these circulating electrons in turn generate an additional magnetic field which
opposes or reinforces Bo. This induced magnetic field will inherently not be
spherical. In a powdered solid sample, the crystallites will be oriented in every
possible direction with respect to Bo (Figure 1.4), this gives rise to a
distribution of observed chemical shifts as the different orientations give rise
to different chemical shifts. This effect is known as chemical shift anisotropy
(CSA) where the chemical shielding anisotropy, caniso relates to ciso through

the relationship:
Oaniso = O-EZAS — Ojso (Eq. 1.16)
and an asymmetry parameter n:

PAS _ _PAS
S (Eq. 1.17)

Oaniso

and the isotropic chemical shift:

5. = 811+ 850 + 833
iso — 3

(Eq. 1.18)

where 811, 622 and 633 are the principle components of the chemical shift and
are illustrated in Figure 1.4. The CSA is a first order interaction which is often

in the range of kHz and can be on the scale of tens of kHz.
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Figure 1.4 (a) Three possible arrangements of a frozen molecule of 3C
enriched acetone with respect to Bo and a depiction of their corresponding
chemical shift tensor. (b) The resonances associated with the respective
orientations produced at varying chemical shift. (c) Typical powder pattern
created from an infinite number of lines due to every orientation of the sample

with respect to Bo being possible.



1.2.1.2 Dipolar coupling

As previously mentioned in section 1.2.1, nuclear spins possess a magnetic
dipole moment, which interact with one another through space. This dipolar
coupling is orientation dependent and is hence only observed in the case of
restricted motion in solids. Table 1.1 describes the Hamiltonian associated
with dipolar coupling with the dipolar coupling constant dj governing the
magnitude of this interaction which is often of the scale of tens of kHz:

Mo hviy;

3
4 rj;

dj = (Eq. 1.19)

with o being the vacuum permittivity, h is the reduced Planck’s constant, yi
and yj are the gyromagnetic ratios for i and j respectively and rj is the
interatomic distance between spins i and j. The dipolar coupling interaction is
a first order interaction and as mentioned previously, the strength of which is
often tens of kHz, which dominates the spectrum leading to extremely broad
solid-state NMR spectra, particularly in the case of high y nuclei such as 'H.
However this interaction contains a large amount of structural information, due
to the strong dependence on the interatomic distance, as well as the molecular
orientation with respect to Bo (Figure 1.5), allowing for several NMR
experiments to exploit this in order to obtain the distance between nuclei of

interest.48
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Figure 1.5 lllustration of the dipole-dipole interaction and the angular
dependence of the dipolar coupling between two spins (grey arrows) with
respect to Bo. The loops represent the magnetic field lines generated by the

nuclear dipole.
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1.2.1.3 Quadrupolar interaction®

The majority (~74%) of active NMR nuclei have | > 1/2, in this case the electric
charge of the nucleus is not distributed uniformly and the nucleus can no
longer be adequately modelled using a sphere; rather, it is better described
using an ellipsoid (Figure 1.6(a)). This physical characteristic gives rise to
another nuclear property, known as the nuclear electric quadrupole moment
(Q), which interacts with local electric field gradients (EFGs) of the molecule
that arise due to the asymmetric distribution of the surrounding electron
density (Figure 1.6(b)). The magnitude of this interaction is typically found to
be on the order of hundreds of kHz or MHz and depends on the immediate
environment of the nucleus such as the nuclei and electrons in close proximity,
as well as geometry of bonds attached to the nucleus, as well as the

magnitude of Q and the orientation of the molecule with respect to Bo.
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Figure 1.6 (a) Ellipsoid representation of the asymmetric distribution of the
electric charge in quadrupolar nuclei. (b) Schematic of a 1>1/2 nucleus with an
electric quadrupole moment Q, in an electric field gradient (blue lines).
Precession of Q in the EFG gives rise to discrete quadrupolar coupling
energies (c) where the energy levels are further perturbed in environments
with large values of Ca in which a first order linear expansion is insufficient to

express Ha and hence a second order perturbation is required.
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As was the case with chemical shift, the EFG in solids can be expressed using

a second-rank tensor V:

Vix ny Viz
V= Vyx Vyy Vyz (Eq 1 20)
Vax sz Vaz

where x, y and z are the axis frame and this expression can then be
transformed with three vectors that represent the PAS:
VEAS 0 0

v=[ 0 Vv o0 (Eq. 1.21)
0 0 VEAS

where the diagonalized components here correspond to the principle axes of
the EFG tensor and are defined by: V;A5>VyAS>VEAS However unlike in the
case of the chemical shift tensor, the principle axes of the EFG tensor are
traceless. The EFG at a quadrupolar nucleus is characterised with respect to
the largest principle value of the EFG tensor VEAS as well as the asymmetry of

the EFG tensor na:

PAS PAS
(Vxx B Vyy

NQ = VPAS

(EqQ. 1.22)

The magnitude of the quadrupolar interaction is often characterized by the
quadrupolar coupling constant, Ca:

eZVZP;AS

Eq. 1.23
- (Eq )

CQ=

where e, VPAS and h are the charge of the electron, the largest principal
component of the EFG and Planck’s constant respectively. However the

quadrupolar splitting parameter, wg*® is also used:
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WPAS — 3nCq
Q 21(21 — 1)

(Eq. 1.24)

Since there are 21+1 energy levels available energy levels for a quadrupolar
nuclei in an external magnetic field, for a spin 3/2 nucleus there are 4 available
energy levels (Figure 1.6(c)). There are now two distinct types of transitions:
a central transition (with mi = +1/2 <~mi = -1/2), which are unaffected by the
quadrupolar interaction to first order; and two satellite transitions (with m; = —
32 & mi= -1/2 andmi= +1/2 —~ mi= +3/2), with frequencies of wo—
2ma and wo + 2ma, respectively. The quadrupolar splitting parameter, wq, is

given by:

PAS

o
wq = wg P (cosb) = ; (3cos?0 — 1) (Eq. 1.25)

where P2(cos0) is the second-order Legendre polynomial, for simplicity axial
symmetry has been assumed and the angle 6 describes the orientation of the

PAS of the EFG.

The magnitude of the quadrupolar coupling can be extremely large, on the
order of MHz, hence in this case the associated Hamiltonian cannot be

expressed with a first order approximation. Instead Ha is written as a series

Ho=Ho+ Hi +. .. (Eq. 1.26)
where the number in superscript corresponds to the order of the term in the
quadrupolar Hamiltonian. Ha can easily be comparable with the Zeeman
splitting and hence the energy levels become perturbed (Figure 1.6(c)). All
transitions are affected by the second-order quadrupolar interaction, with the

correction to the frequency given, for a transition g and assuming na = 0, by:
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(ngS)Z
0 = —=——(A°(1,q) + A*(I,q)P;(cos6) + A*(I, q)Py(cosB))  (Eq.1.27)

0
where P4(cos0) is the fourth-order Legendre polynomial and A"(l,q) are spin

and transition-dependent coefficients.°
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1.3 Magic Angle Spinning

Magic-angle spinning (MAS) is a technique that is routinely used in the majority
of SS-NMR experiments, primarily to remove the effects of anisotropic
interactions. This generates NMR resonances that are significantly narrower
than for static experiments. In solution state NMR, the effects of anisotropic
interactions are rarely observed due to rapid molecular tumbling, averaging
out the orientation dependence in these interactions. MAS simulates this
motion in order to achieve a similar result, this process occurs through the
orientation dependence of the nuclear spin interactions for these interactions
(Table 1.1), where the dependence is of the form 3cos?0-1, where 0 is the
angle between the applied field and the spinning axis. The root of which occurs
when 0 is equal to 54.74° (Figure 1.7) therefore provided that the spinning
rate is of a higher frequency than the strength of the anisotropic interactions,
the anisotropic interactions are averaged to zero. Without sufficient spinning
speed the modulation of the interaction frequencies at the rotor frequency
results in the residual anisotropic interactions being manifested within spinning
side bands, at a distance relating to the spinning speed of either side of the

isotropic peak.
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Figure 1.7 (a) Schematic of a rotor spinning at the magic angle of 54.7° with
respect to the external magnetic field, B. (b) Angular dependence of the
magnitude of anisotropic NMR interactions. The grey line labelled 3cos?0-1
corresponds to the first order geometric component of Hcs ainso, Ho and Ha and
the black line labelled 35c0s*0-30cos?0+3 corresponds to the second order

geometric component of Ha.

In the case of quadrupolar nuclei where the magnitude of the quadrupolar
interaction is comparable with the Zeeman splitting, the Hamiltonian is
expressed as a series. The second order quadrupolar interaction does not
have the same angular dependence as the other anisotropic interactions. The
dependence for this interaction takes the form of 35cos*0-30cos?0+3, where
the roots of which are 30.6 and 70.1° therefore in the case of quadrupolar
nuclei, there is no one angle at which the rotor can be spinning in order to
average out all anisotropic interactions. Instead more complex experimental
procedures must be implemented in order to obtain isotropic spectra, such as
double rotation (DOR),"" dynamic-angle rotation (DAS)'? or more commonly

multiple quantum magic angle spinning (MQMAS)'%.3 see below.
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1.4 Relaxation theory

1.4.1 Relaxation in the laboratory frame

Relaxation in NMR occurs immediately after the rf field is switched off,
longitudinal relaxation, T+ is the rate at which the longitudinal magnetisation of

a nuclear spin system returns to thermal equilibrium.

When the rf field is switched off relaxation processes are introduced according

to the Bloch-equations:

dM,  dM, co 128
dM,  dM
Sy Dy
el (Eq. 1.29)
My Meea= B (Eq. 1.30)

dt T,

where Mx, My and Mz are the x, y and z components of the bulk magnetization,
Mz.eq is the magnetization at thermal equilibrium, T2 is the transverse relaxation
time and T1 is the longitudinal or spin-lattice relaxation (SLR) time. The linear
form of the combination of equations 1.28 and 1.29 yields the rate equation

for T2:

My (£) = My (0)exp (— Tiz) (Eq. 1.31)

which is defined as the expression by which Mxy, the transverse component
of the magnetization vector, exponentially decays to return to equilibrium.

While the linearization of equation 1.30 gives:
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M (©) = Myeq = (M eq = M,0)) exp (~ ) (Eq. 1.32)

where M(0) is the longitudinal relaxation at time = 0.

T+ is affected by the fluctuation of local magnetic fields caused by the motion
of an atom or functional group. These fluctuating fields are described by the
time-dependent correlation function G(t), containing information on the atomic
diffusion process and the correlation time tc, which is in the same order of
magnitude to the mean residual time t of the spin between jumps.'#'¢ In the
Bloembergen-Purcell-Pound (BPP) theory, the correlation function Gt)
decays exponentially and follows the equation below:

G(t) = G(0)exp (— 'Ti') (Eq. 1.33)

C
where G(0) is the value of the correlation function at time t = 0. Fourier
transform of equation 1.33 gives the spectral density function J at the Larmor
frequency wo:

2T,
J(wo) = 6(0) (- 1+w—0212> (Eq. 1.34)

The rate at which the bulk magnetization returns to equilibrium depends on the
local environment of the observed nuclei and the random fluctuating magnetic
field variations as well as the relative mobility of the nuclei, i.e the correlation
time, tc. There are four main mechanisms for promoting relaxation: dipolar,
quadrupolar, paramagnetic and CSA. Since the dominant relaxation
mechanisms associated with the materials of interest in this thesis are dipolar
and quadrupolar coupling, these two mechanisms will be discussed in detail,

while the remaining two mechanisms will only be discussed briefly.
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Dipolar coupling mediated relaxation between two nuclei depends on dj as

well as 1c:

K(—— 4 —=
T, 14+ wit2 1+ 4wit?

(Eq. 1.35)

where wo is the Larmor frequency and K is the local fluctuating magnetic field

term, which for dipolar coupling corresponds to:

K = E(UO)ZY:IZ

- I+ 1) (Eq. 1.36)

4

The quadrupolar relaxation mechanism arises from the tumbling of molecules
initiating interactions between the nucleus and the surrounding non-spherically
symmetric electron charge distribution. This interaction depends heavily on the
magnitude of the quadrupolar moment, Q as well as the resulting Ca resulting
in the local fluctuating magnetic field term, K for quadrupolar coupling induced

relaxation to be:

2
n 21+ 3
Q) (Eq. 1.37)

3
K= —Cc|1+|=) |oo—=
200 ¢ (3 12(21 - 1)
therefore nuclei with low Q such as some | = 1 nuclei such as 8Li, often have

long T1 times.

The CSA relaxation mechanism arises from the orientation dependence of the
magnetic field experienced by the nucleus and hence the fluctuating magnetic
field generated by adjacent species is also orientation dependent, promoting
relaxation. For paramagnetic relaxation, paramagnetic ions contribute largely

to relaxation through a dipolar mechanism between unpaired electrons and
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nuclear spins. Since the y for electrons are extremely large, the resulting djj is
also extremely large and hence the large magnetic moment of electrons
means that paramagnetic species are particularly effective at promoting

relaxation.
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1.4.2 Relaxation in the rotating frame

The previous discussion on relaxation of nuclear magnetization in the
presence of a constant magnetic field Bo refers to relaxation in the laboratory
frame. However if another time-dependent magnetic field, B1 that rotates in
the plane perpendicular to Bo at the Larmor frequency of the nuclei is
continuously applied the nuclei are said to be spin-locked. The resulting
relaxation time, deemed the spin-lattice relaxation in the rotating frame, T1, is
greatly extended beyond transverse relaxation and can be likened to T1 at the
low magnetic field B1 rather than Bo. The expression relating T+1, to the spectral
density retains the same K constants as for T1, however different spectral

densities are utilised:

1 3 T, 5 1. T,
—K( +51 + ) (Eq. 1.38)

Tip - \21 + 4082 + wit? 1+ 4wt

where o1 is spin-lock probe frequency.

For systems where dipolar relaxation is the dominant mechanism, the
Bloembergen-Purcell-Pound (BPP) model' is applied to extract Li* jump rates
1c'. The BPP theory denotes that tc is proportional to the spectral density
function J(w) of the NMR spectra (equation 1.38). When the thermally
activated SLR rates are plotted against reciprocal temperature using the
Arrhenius function, a volcano plot is made (Figure 1.8). The maximum point
of this volcano plot denotes where the spectral density J(®) is at its maximum,
therefore the jump rate ' are on the order of the probe frequency and could

be extracted: wotc = 0.62 for T+-! values and 2m1tc = 0.5 for T1,! values.6.17
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The 1! values obtained then expected to follow the Arrhenius behaviour

according to the equation:

E
Tl = 1.0 texp (— kB—aT) (Eq. 1.39)

where 1c,0" is the pre-exponential factor (i.e. the number of hops per unit time
of a particle), Ea is the activation barrier of the diffusion process and ks is the
Boltzmann constant. The inverse correlation time 1! is on the same order of
magnitude as jump rate t! and are used conjunctly, where 1 is linked with the
microscopic property of the fluctuating magnetic fields, while t! defines the

macroscopic ion diffusion.

Relaxation Rate

Te X Ogyq

Inverse Temperature

Figure 1.8 Schematic representation of the temperature dependence of NMR

SLR rates.

The high temperature side of the volcano plot is the fast motion regime where
ootyte << 1. The relationship between the Tip)' values on the high

temperature flank measured at different frequencies give information on the
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dimensionality of the Li* diffusion process (Table 2.), as the spins undergo
several jumps before a single precession of the probe frequency.'®® The
activation barrier is free from correlative effects and corresponds to full
translational diffusion of the mobile ion, i.e.; Li* motion from one site to its

neighbouring site.
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1.4.3 Frequency dependence of spin-lattice relaxation

in the rotating frame

One of the factors in the correlation function G(t) (equation 1.33) is described

as a pair distribution function:

2
P(ry,1,t) = (8mDt) ™™ 2exp <— %) (Eq. 1.40)

where ro is the original position of the nuclei, ris the position of the nuclei after
time t, n is the dimension of diffusion (n = 1 for 1D, 2 for 2D, and 3 for 3D)'®
and D is the diffusion coefficient derived from the Einstein-Smolchowski

equation:

2
D =f2a—n‘r‘1 (Eq. 1.41)

where f is the correlation factor and a is the average hopping distance of the
mobile ion (in cases for Li* ion conductors, Li*). Upon Fourier transform of
equation 1.40, the relationship of three-dimensional spin diffusion in liquids at
high temperature can be derived as J(w) o 1/D.""-'® The value of the constant
coefficient in the J(w) o« 1/D relationship for solids and liquids are analogous
and therefore this relationship is used for 3D spin diffusion in solids. The
derived relationship between frequency and spin lattice relaxation in the

rotating frame at high temperature for three dimensional diffusion is:

1

= ()b () e E

where n is the number density of the spins, dp is a constant , dis a

dimensionless coefficient calculated from mean-field theory, Bpoyis a
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coefficient arising from polycrystalline averaging, dependent on the symmetry

of the unit cell.

From equation 1.42 it can be seen that the »'? term is still present in the
expression but is a third order expansion and therefore is small enough to be
considered negligible, therefore one can derive that J(®) o« t and that the T1()
' values for 3D Li* ion diffusion are independent of the probe frequency in the

fast motion regime.

For 2D diffusion processes, one must consider the effect of ions diffusing in a
plane rather than in all directions like 3D diffusion. The resulting relationship

was determined to be:

J(@) = £,(8) (%) In ( 2D ) (Eq. 1.43)

wl?

where f1(0) is the first order term in the angular dependence of the spectral
density on a 2D lattice with four or six fold rotation, n is the number density of
spins, and L is a length parameter introduced to keep the argument of the
logarithm dimensionless. The relationship between the spectral density and
frequency was determined to be J(w) o< Ino’' and was later confirmed by
probing HNOs diffusion between graphite sheets.® This relationship combined
with equation 1.41 can be used to derive the relationship J(w) o< 1/D In(—
D/w). One can then derive J(o) « tIn(1/wt), i.e. T1p)' values are shown
proportional to tIn(1/wt). This is also known as Richards’ semi empirical

model, with this relationship being identified using electron spin

resonance.20.21

For systems with 1D Li* diffusion processes, the spectral density at the high
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temperature limit is given by the expression:

2n

J(w) = £;(8) a7 (wD)172

(Eq. 1.44)

therefore it can be shown that J(w) « "2 this relationship combined with
equation 1.41, derives the expression J(w) « (t/m)"?, and that T1()" values

follow the square root of residual time in a single site over the probed

frequency.

The low temperature side of the BPP curve on the other hand, corresponds to
the slow motion regime where the motion of spins between sites is restricted
and do not exchange between sites before a single precession of the probe
frequency and is therefore not affected by the diffusion dimensionality. In this

regime, wo(1)tc >> 1, which makes:
1 + (1)0(1)1.-(: = (1)0(1)1.-(: (Eq 145)
and therefore

27T,

](‘*)0(1)) & o N‘*)E(ZDT_1 (Eq. 1.46)

2.2
o) Tc

and so one can derive that the T1()" values in this regime are frequency
dependant. The activation energy Ea extracted in this regime is related to the
energy required for local hop motion between local energy minima within the
energy well including of the ion unsuccessful jumps between sites, rather than
long range translational Li* ion diffusion.?? The full equations expressing the

spectral densities at the low temperature limits for 3D, 2D and 1D diffusion are:
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J0() = oo (So(H) — 2 [SCH) + 5,(1) (Eq. 1.47)

béw?t

22() = o {16(8) + 26,00 [so — () s+ )|
(Eq. 1.48)

2f 0 1
+ 26O - 5D}

12.37c
béw?t

J'P(w) = £,(8) (Eq. 1.49)

where b is the lattice parameter and So(H), S(H) and S1(H) are dimensionless
lattice sums given for cubic crystals in reference??, values of lattice sums so,
s, s1and s1 are given in reference,'® f1(0) and f(0) are the first and second order
terms in the angular dependence of the spectral density, respectively.
Therefore at the high frequency (low temperature) limits of the BPP curve all
three dimensionalities of diffusion are proportional to t'o™® where B is the
model parameter ranging between 1 and 2. BPP theory predicts that the
volcano plot is symmetric and the quadratic frequency dependence of J(w),
and by extension T1() " values, is proportional to 2. Many cases, however,
are asymmetric and deviate from this model due to dimensionality of the
diffusion and disorder in the studied system. The activation barrier for diffusion
of Li* ions in solid conductors in the slow motion regime are affected by
structural disorder in the material, Coulombic interactions and correlation
effects of the mobile ions. 62425 This asymmetry has a frequency dependence
of T1(y! < o® which therefore would give the low temperature limit relationship

as J(o) x t'oP.
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Table 2. Summary of frequency dependence of spin-lattice relaxation in the

rotating frame

_ _ . Low frequency limit High frequency limit
Dimensionality _
(High T) (Low T)
1D (/)5 P
2D 7 In(1/o1) P
3D T 1P
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1.5 NMR Experiments used in this thesis

The following NMR experiments are utilised throughout this thesis and the
understanding of the pulse sequences and how the nuclear spins react is
crucial to ensuring the correct interpretation of results and generating

meaningful data.

1.5.1 One pulse

As was previously explained (section 1.1.2) in order to observe an NMR
signal, the bulk magnetization vector must be tilted away from equilibrium
through a rf pulse in this case a n/2 pulse. Once the vector has been tilted
away from the z-axis into the transverse plane (Figure 1.9) the nuclei will
precess within the magnetic field. This precession induces a current at the
resonating frequency of the nucleus in the coil surrounding the sample, and
as the magnetization begins to relax this induced current will decay over time
and the resulting signal is known as the free induction decay (FID). This FID
is then Fourier transformed converting it from the time domain to the frequency

domain, generating a typical NMR spectrum.
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Figure 1.9 (a) Schematic representation of a one pulse experiment. (b) The
vector model representation for the effect of a 90° rf pulse on the bulk

magnetization vector (orange) during the pulse sequence.

1.5.2 Spin-echo

As previously mentioned in section 1.4.1, the decay of the NMR signal in the
xy-plane over time due to transverse relaxation is known as T2. Typically T2 in
solid samples is short, particularly when anisotropic interactions are strong.
These samples also tend to have rapidly decaying FIDs, therefore the short
dead time before opening the receiver of the spectrometer (this is required in
order to not record the ‘ringing’ of the coil’) can lead to significant losses in
signal through T2 relaxation, as a large portion of the beginning of the FID is
not recorded. This can be overcome by applying an inversion (=) pulse after a
dephasing time t, any dephasing experienced is “refocused” back to the
opposite axis resulting in all signals being refocused at the end of the second

T period and the FID recorded typically after t as shown in Figure 1.10 below.
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Figure 1.10 (a) Schematic representation of the spin echo pulse sequence
and (b) the corresponding vector model associated with the spin echo

experiment.
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1.5.3 Spin-alignment echo

The underlying principle idea of spin-alignment echo (SAE) NMR
spectroscopy arises from taking advantage of the interactions between Q and
a non-vanishing EFG tensor at its site. In other words, ions that move between
electrically non-equivalent sites experience different NMR quadrupolar
frequencies. Therefore fluctuations of the quadrupole frequencies ma due to
ions moving between electrically non-equivalent sites lead to a decay of the
SAE amplitude, S (see below), which is the primary observable in SAE NMR
spectroscopy. The well-known Jeener-Broekaert pulse sequence is utilised in

order to take advantage of this (Figure 1.11(a)).

In order to extract correlation times, the stimulated echo, which appears after
the final pulse, is recorded as a function of mixing time tm keeping the
evolution (or preparation) time tp constant. The first two pulses, a /2 pulse
followed by n/4 pulse whose phase is shifted by 90°, generate the so-called
spin-alignment state.?® The resulting echo amplitudes are then processed and

plotted as a function of tm and the data fit to the expression:

Tm « Tm
Sttpm) = (1 — Seo)exp [— (—) ] + Seexp [— (—)] + Sp.00 (Eq. 1.50)
T Tl

where S« and So,~ are the normalised echo amplitude after the first and second

plateaus respectively and a is a stretch exponential (Figure 1.11(b)).

39



(@) (n/2), (n/4), (n/4),

ks " \f\nm

(b) 1.2
T~
= \
s 08f %
o) \
g \
= o6t
E \
® \
o
5 0.4t
: \
0.2} R
0 : : ir
107 10% 10° 10- 10!

Mixing time / s

Figure 1.11 (a) Schematic of the Jeener-Broekaert pulse sequence which is
adapted for spin-alignment echo experiments. (b) A simulation of how the
amplitude of the echo decays as a function of the mixing time. The initial decay
process contains information on the Li jump rate, while the secondary decay

which is shifted to larger mixing times arises from quadrupolar SLR effects.
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1.5.4 Multiple-quantum filtered NMR

The Muliple-Quantum Filtered (MQF) NMR pulse sequence (Figure 1.12(a))
is a method utilised in order to distinguish between central and satellite
transitions. MQF NMR can also be used in order to measure the longitudinal

relaxation time of 1>1/2 nuclei by incrementing t1.27-2°

In Double-Quantum Filtered (DQF) NMR, the central transition is suppressed
while the quadrupolar satellites associated with transitions between the +3/2
<->+1/2 energy levels have opposite phase to one another. In Triple-Quantum
Filtered (TQF) NMR, the central transition remains while the quadrupolar
satellites have inverted phase (Figure 1.12(b)). With suitable phase cycling,
double (6 = 54.7°) or triple (6 = 90°) quantum coherence can be targeted for

filtration.
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Figure 1.12 (a) Schematic of the multiple-quantum filtered NMR experiment,
where with suitable phase cycling double (6 = 54.7°) or triple (6 = 90°) quantum
coherence can be targeted for filtration. (b) Example spectra of a ’Li one pulse,
DQF and TQF spectrum of the same materials. (Example spectra are taken

from Chapter 3)



1.5.5 Two-dimensional NMR

Two-dimensional (2D) NMR techniques can be used to probe selective NMR
interactions and are often very useful in unequivocal determination of the
structure of a molecule. In 2D NMR signals are recorded as a function of two
time variables, which can be Fourier transformed to provide two frequency
axes, resulting in a correlation describing an interaction/correlation dependent
on the particular experiment. A general 2D NMR scheme is laid out in Figure
1.13 below and consists of preparation, evolution, mixing and detection
periods. The value of A1 during the evolution period is increased incrementally
over each acquisition to build up a time domain dataset which when Fourier

transformed will yield a 2D frequency domain spectrum.
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Figure 1.13 (a) A basic summary of a 2D pulse sequence, showing the

preparation, evolution, mixing time and detection elements. (b) An illustration
of how the evolution period A1 between the preparation and mixing time
elements is incremented. (c) A schematic representation of the resulting
spectrum and some basic possible outcomes in 2D NMR with 1 or 2
resonances.
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1.5.6 Saturation recovery

Saturation recovery is utilised in order to measure the SLR rate in the
laboratory frame, T1 (Figure 1.14(a)). The experiment works through
saturating the bulk magnetization in the xy-plane so that the net magnetization
is zero through a saturation pulse train of a series of n/2 pulses. The
magnetization is then allowed to relax back along the z-axis through a delay
1d, followed by a final read out /2 pulse transferring the magnetization back
into the transverse plane and the resulting FID is acquired (Figure 1.14(b)).
Through incrementing ta and collecting the resulting FIDs an exponential build-

up curve of longitudinal magnetization is generated which plateaus at 5*T.

45



(a) /2

x100

/2 /

v
|
x

Long 14 / n/2 /

C

4%
%ﬁ
d Z
/2 /

%\

Figure 1.14 (a) A schematic of the saturation recovery NMR pulse sequence
in which 14 is incremented at values specified by the operator. (b) The vector
model representation of how the bulk magnetization behaves during the
experiment depending on whether the delay t is short (<T+) long (~T1) or very

long (~5 x T1), leading to an exponential build up of NMR signal.
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1.5.7 Spin-locking NMR

Spin-lock pulses are used in order to measure the SLR rate in the rotating
frame, T1,. The advantage of this is that the resulting dynamics processes are
on a much shorter timescale compared to T1 as the timescale of motion is
defined by the spin-lock frequency (on the order of ms) compared to the
Larmor frequency (on the order of ns). As explained in section 1.4.2, the
resulting relaxation time is greatly extended beyond transverse relaxation and
can be likened to T+ at the low magnetic field B1 rather than Bo. The method
to measure T1, is shown in Figure 1.15, where the bulk magnetization is
transferred into the xy-plane through a /2 pulse and then locked into the plane
through a continuous rf pulse of frequency w1 for a time tp. During this rf pulse,
the nuclear spins relax and the resulting FID is collected after tp. Through
incrementing tp an exponential decay of the magnetization under rf pulsing is
collected.

(a)
/2

Spin-lock

0 1
Spin-lock duration

Figure 1.15 (a) A schematic of the spin-lock NMR experiment in order to
obtain a value for T1p, where the power of the spin-locking pulse affects the
time constant obtained. (b) A simulated exponential decay curve for how the

signal intensity decays with the duration of the spin-locking pulse.
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1.5.8 Exchange Spectroscopy

The Nuclear Overhauser Effect (NOE) Spectroscopy (NOESY) experiment
(Figure 1.16(a)), which is commonly used in solution state NMR, can also be
utilised in solids in order to probe the interaction between neighbouring nuclei
through dipolar coupling mediated spin-diffusion or chemical exchange, rather
than the NOE. Exchange spectroscopy (EXSY) experiment is a homonuclear
2D NMR experiment which correlates two nearby sites of the same nuclei by
the presence of cross peaks in the 2D NMR spectra. The experiment works in
the same way as NOESY however the mechanism by which cross peaks is
observed is different. After the initial 90° rf pulse, the magnetisation is left to
precess around on the xy-plane for time t1. A second rf pulse is applied along
the opposite axis of the initial pulse, which brings the magnetisation back along
the z-axis for mixing time tm, where sites may interact. Finally, a third rf pulse
is applied and NMR signal is acquired. If there is interaction between the sites,
during tm a cross peak is observed (Figure 1.16(b)), as these nuclei resonate

at different frequencies during t1 and t2.3°

Two possible interactions give cross peaks — spin diffusion and chemical
exchange. Spin diffusion arises from the magnetisation transfer of the nuclei
through dipole-dipole interactions, while chemical exchange originates from
physical motion of the nuclei. The two processes can be differentiated by
performing EXSY experiments at different MAS rates, as higher MAS
averages dipole-dipole interactions reducing intensities of the cross peaks,
while cross peaks originating from chemical exchange are unaffected
(depending on the change in or as a large change may lead to increased MAS

frictional heating and lead to an increase in cross peak intensity).
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Spin diffusion NMR experiments observe the transfer of nuclear magnetization
via through space dipole-dipole interactions and has been used to calculate
the dij and hence determine the internuclear distances among a range of
systems.*8 djj is proportional to the cube root of the nuclei concentration and
the square of the nuclei gyromagnetic ratio, nuclei with sufficiently high values
(e.g. H, Li, 3'P etc.) are often used in these experiments and provide

qualitative and quantitative information on spatial proximities.
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Figure 1.16 (a) A schematic representation of the Exchange spectroscopy
NMR pulse sequence. This pulse sequence is identical to the commonly
utilised liquid state Nuclear Overhauser Effect Spectroscopy NMR experiment.
(b-d) Example Li-SLi EXSY experiments with increasing mixing time, tm, with
values of (a) 0 (b) 0.03 and (c) 4 s, diagonal and cross peaks are shown in

black and blue respectively.
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1.5.9 Multiple quantum magic-angle spinning

The MQMAS experiment is an important experiment in achieving high-
resolution spectra for half-integer spin nuclei while spinning the sample at a
single angle. This is experimentally significantly easier to implement than DOR

or DAS where multiple spinning angles are required.

As mentioned above (section 1.2.1.3), the second and fourth-rank anisotropic
terms prevents the removal of the second-order interaction by MAS about any
one angle alone. MQMAS NMR involves the correlation of multiple-quantum
coherences acquired indirectly in t1, before conversion to observable central-
transition coherences, which evolve in t2. The multiple-quantum transition is
chosen as, like the central transition, it is not affected by the first-order
quadrupolar interaction. The result is a two-dimensional spectrum containing
a series of ridge lineshapes (one for each distinct species), with an isotropic,
high-resolution spectrum obtained from a projection onto an axis orthogonal

to the ridges (Figure 1.17).
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Figure 1.17 (a) Schematic representation of a z-filtered multiple-quantum
magic-angle spinning NMR experiment, where t1 and t2 are the evolution time
and t is the z-filter delay. (b) A 2’Al 3QMAS NMR spectrum of LizAlS3 recorded
at 9.4 T and a MAS rate of 10 kHz showing two Al sites. The vertical F1
dimension represents the isotropic 2”Al shift while the horizontal F2 dimension
shows the standard MAS spectrum. The resonance centred at ~130 ppm in
the F2 dimension corresponds to a cubic 2’Al environment while the resonance
centred at ~100 ppm in the F2 dimension represents a highly asymmetric 27Al

environment. The example spectrum is taken from chapter 3.
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1.6 Timescales in NMR

NMR is an extremely powerful technique in order to probe dynamic processes
where the motion of atoms, functional groups or entire molecules change with
time and often temperature. The key to the study of dynamics by NMR lies in
the wide range of timescales that can be accessed (Figure 1.18) ranging from
very fast motional processes in the order of 10-'? s*! probed by measuring spin-
lattice relaxation times to much slower motion on the timescale of 102 s or s-
" accessed by EXSY NMR and SAE experiments. This is in sharp contrast to
the averaged structural picture with length and time produced by other

spectroscopic methods such as impedance spectroscopy.

sub-Hz Hz kHz MHz-GHz
|
[
SAE —
EXSY —
T2-1 —
T1p"
T,
10° 100 10° 1010
71/s1

Figure 1.18 Timescales of different NMR measurements including SAE,
EXSY, transverse relaxation rate T2, spin lattice relaxation in the laboratory
frame T+1' and the rotating frame T1,"1. Typically, macroscopic diffusion takes
place on the Hz and kHz scale while chemical exchange can range from Hz-
MHz, more rapid motion such as molecular rotations often occur on the MHz-

GHz scales.
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1.7 Conclusion

The techniques presented in this chapter are only a small portion of those that
are used within the field of NMR and there are many more techniques which
can provide analogous information on dynamics and structure of materials.
However, these solid state NMR techniques are those selected and used
routinely throughout this thesis to probe solid ion conductors on a variety of

timescales, ranging from sub-Hz to MHz.
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2. Lithium Ion Batteries and Associated
Literature

There is an ever growing need for modern society to move away from the
limited supply of fossil fuels and the subsequent rising levels of carbon dioxide
in the atmosphere and hence reducing society’s dependence on the internal
combustion engine is paramount 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
government hopes to end the sale of conventional petrol and diesel cars and
vans by 2040 in a move to decrease CO2 emissions. However, electric
vehicles require a suitable energy storage device in order to function. Current
generation electric vehicles make use of portable, rechargeable lithium ion
batteries in order to achieve this. Lithium ion batteries are a widely used and
pivotal in many other areas of modern day society such as personal
electronics, solar energy storage and pacemakers. However petrol and diesel
cars still heavily outweigh electric vehicles on the roads, and there are still
concerns regarding infrastructure, battery capacity and safety. Hence there is
a need to further innovate in battery technology in order to overcome these

concerns.

This chapter gives an introduction to battery technology and aims to review
the literature for energy storage materials with a focus on the main families of
solid state Li electrolytes, as well as the NMR techniques used in order to

probe the structure and ion mobility mechanisms. The structural differences of
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the different classes of materials are highlighted, along with the NMR
techniques in order to characterize the ion diffusion mechanisms. This chapter
focusses on crystalline inorganic solid-electrolytes, however other materials
classes such as polymer and glass composites are also promising candidates
for next generation electrolyte materials, on this subject other exhaustive

reviews are available.
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2.1 Li-lon Cells

With the ever increasing demand for improved energy storage technology,
lithium-ion cells continue to draw a large degree of attention due to their high
energy density, long lifespan and high open circuit voltage.® With an
impressive energy to weight ratio, technologies using lithium are increasing in
abundance, including many types of batteries. Modern day commercial
batteries consist of three main components, a positive electrode (cathode) and
a negative electrode (anode) which are connected externally through a circuit
and are separated by a liquid electrolyte, where a lithium containing salt is
dispersed in organic solvents. Lithium-ion batteries discharge by way of Li-
ions flowing from the anode through an electrically conducting liquid electrolyte
solution to intercalate with the cathode material (Figure 2.1). Electrons then
flow through the external circuit for charge balance reasons, generating an

electrical current.
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Figure 2.1.A schematic illustration of the working principles of
LixCs/Li1-xCoOz2 electrodes separated by a liquid electrolyte to form a lithium-ion
cell. During discharge, Li* ions flow from the negative electrode to the positive
electrode through the electrolyte, while concurrently electrons flow from the
negative electrode to the positive electrode via the external circuit in order to
charge balance. Lithium ions diffuse from a lithiated graphite (LixCs) structure (the
anode) into delithiated Li1-xCoOz2 (the cathode) with
concomitant oxidation and reduction of the two electrodes, respectively. The

reverse process occurs during charge. Figure reprinted from reference?.
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2.1.1 Positive Electrode

The first intercalation oxide positive electrode (cathode) to be discovered,
LiCo02,8 is still in use today in batteries for consumer devices and was first
commercialised in a rechargeable Li-ion battery in 1991 by SONY.>7 LiCoO2
has a trigonal (space group R3-m) layered structure, consisting of a cubic
closepacked oxygen array with transition metal and lithium ions occupying
octahedral sites in alternating layers (Figure 2.2(a)). During charging, LiCoOz2
is oxidised to Li1xCoO2 (Scheme 2.1) and the generated lithium ions migrate
through the electrolyte and are intercalated at the negative electrode, which
undergoes electrochemical reduction. When the battery is discharged to
produce a current, the anode is oxidised and the lithium ions return to their

position within the cathode which in turn undergoes electrochemical reduction.

61



[ —
Integral (arb. u.)

. . § . i i Low 0
2000 1000 O 2000 1000 O soc 0 4 8 12
’Li chemical shift (ppm) “Li chemical shift (ppm) Time (h)
Low Temperature
(e) NMC (f)
High —~
0, >
10°C SOC 5
J1 ©
Ll S
g
: i . = : - Low =
2000 1000 0 2000 1000 0 soc
’Li chemical shift (ppm) “Li chemical shift (ppm) Time (h)

Figure 2.2. Crystal structure of (a) LiCoO2 and (b) LiMn204. Li atoms and
polyhedra are represented in green, Co in purple, Mn in blue and O in red.
Structural parameters were obtained from references & and ° respectively and
replotted in VESTA. (c-f) Li-ion mobility in LiNio.sMno.1C00.102 (NMC811) as a
function of temperature as probed by operando NMR experiments on a
NMC811/graphite full-cell, cycled between 4.3 and 2.5 V. 7Li NMR spectra of
NMC811 (c,e) and the integrated signal intensities (d,f) during charge at
variable temperatures. Adapted with permission from reference'?. Copyright

2020 American Chemical Society.
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Other examples include manganese oxides, such as the spinel LiMn204
(Figure 2.2(b)), are less expensive and toxic than cobalt oxides and can offer
improved lithium ion diffusion and, thus, high rate capabilities. LiMn204
possesses the spinel structure composed of a ccp array of X anions with A-
and B-site cations occupying some or all of the tetrahedral and octahedral sites
and undergoes a similar intercalation process as LiCoO2 upon charging and

discharging, as outlined below.

Lit1xCoO2 + xLi* + xe" = LiCoOz2 (2.1)

Lit-xMn204 + xLi* + xe~ = LiMn204 (2.2)

Further cathode material research has produced several other phases for
commercial use have emerged for example: LiNixCoyAl:02'"-15 and
LiNixMnyCo-02'6-1® which are isostructural to LiCoOz2 but with greater specific
capacities. The decreased amounts of Co in these compounds reduces cost

and improves performance.

NMR investigations of cathode materials can provide both structural as well as
ion dynamics information. While long-range structural information is typically
available from diffraction methods, solid-state NMR is an extremely useful tool
for characterizing local structure in these materials, even in highly disordered
systems. However since cathode materials often contain paramagnetic
constituents, the resulting spectra are often complicated by the paramagnetic
interaction and Knight shift?>-?> (Chapter 1 section 1.2.1) One example of

NMR usage in cathode research is shown in Figure 2.2 Grey et.al
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demonstrated the capability of operando ‘Li NMR to monitor the ion mobility
processes occurring in both electrodes of a full lithium ion battery individually.
Using specialised equipment that allows for the measurement of ‘Li NMR
spectra during battery cycling, the authors report in operando NMR
measurements of the charging process at temperatures between -5 and 55
°C. As the state of charge increases, there is a decrease in ’Li signal intensity,
followed by a recovery at lower shift. The spectra measured at 55 °C show the
fast decrease and subsequent recovery of signal intensity occurs earlier during
charge and leads to a more intense and sharper signal compared to the data
at 25 °C. Accordingly, the local minimum in the integration curve (Figure
2.2(c)) occurs after shorter charging time. This result confirms previous
measurements??® that the local minima are caused by changes in Li-ion
mobility, and more precisely by a transition from the slow motion to the fast
motion regime. Li-ion mobility is reduced with decreasing temperature, as seen
via the shift of the local minimum to higher SOC and its eventual

disappearance.
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2.1.2 Negative Electrode

At present, there are only two types of commercialized negative electrode
(anode) materials: those based on carbon (primarily graphite)?*2° (Figure
2.3(a)) and the oxide spinel LisTisO12 (Figure 2.3(b))?5-3° as well as silicon3'32

and silicon oxide33-3% based anodes.

Figure 2.3. Crystal structures of (a) graphite, (b) lithiated graphite (where C
and Li atoms are depicted in brown and green respectively), (c) LiaTiO12 where
the Li atoms occupy the tetrahedral 8a sites and (d) LizTisO12 where the Li
atoms occupy the octahedral 16¢ sites (where Li, O and Ti atoms and
polyhedra are shown in green red and blue respectively. Structural parameters

are taken from references 36 and 37 respectively and replotted in VESTA.
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Graphite consists of graphene sheets staggered in either an AB (hexagonal,
the most common form) or ABC (rhombohedral) stacking arrangement (Figure
2.3(a)). Upon insertion of lithium ions, the graphene sheets stack directly on
top of one another in an AA arrangement, and staging occurs; i.e. compounds
form in which there are periodic arrays of unoccupied galleries, with the
number dependent on the value of x in LixCs. The spinel lithium titanium oxide,
LisTisO12, is an alternative to graphite, but its use is restricted to applications
that do not require high energy density because of its high operating voltage
(1.5 V vs. Li/Li*). It reversibly accommodates lithium to form the rock salt
phase, LizTisO12 upon full lithiation. During this process, the atoms rearrange
and the Li atoms move from the tetrahedral 8a sites to the octahedral 16¢

sites.

Ce + Li* + & = LiCs (2.3)

LisTisO12 + xLi* + xe™ = LiasxTisO12 (2.4)

Detailed NMR and diffraction investigations of Lis+xTisO12 reveal that for values
of x = 0 (full 8a occupation) and x = 3 (full 16¢ occupation) Li-ion mobility is
extremely limited.®® However when 0 < x < 3 a solid solution is formed,
containing domains where either 8a or 16c¢c Li sites are dominantly
occupied.3%4% Due to the small length scale of these domains, Li-ion mobility
occurs from one domain to the next through the solid solution as observed
through EXSY NMR (Figure 2.4). As mentioned in Chapter 1 section 1.5.8
cross-peaks can be observed via chemical exchange, in this case between the

two distinct resonances associated with Li residing in the 8a and 16c¢ sites,
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which increase in intensity with increasing mixing time, tm. The fitting of the
cross-peak build-up (Figure 2.4(c)) resulted in a Li-ion jump rate, ! between
the 8a and 16¢c sites of ~400 s' and further NMR calculations lead to a

diffusion coefficient of approximately 4 x 10-2 cm? S-1.

Meanwhile, the ultraslow Li-ion mobility in LisTisO12 has been captured by spin-
alignment echo and SLR measurements (Figure 2.4(d)), where between 295
and 400 K extremely slow t! values ranging from 1 to 2200 s' with large

activation energies of 0.94(1) eV were measured.
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Figure 2.4. 'Li MAS EXSY NMR centred on the central region in LisTisO12
collected at 373 K with tm values of (a) 0.055 and (b) 11.1 ms respectively. For
increasing tm, cross signal intensity becomes visible in the marked region
indicating Li-ion diffusion between the 8a and 16c¢ sites. (c) Cross-peak
intensity between 8a and 16c¢ sites vs tm, including a fit assuming hopping
between 8a and 16¢ resulting in a tc of 2.3 ms. (d) t" vs. 1/T obtained from "Li
spin-alignment echo NMR measurements of LisTisO12. For comparison, spin—
lattice relaxation rates 1/T+1 and full width at half maximum (FWHM) of the “Li
NMR central transition are also shown. (a-c) Adapted with permission from
reference*?. Copyright 2009 American Chemical Society. (d) Reproduced from

reference®® with permission from the Royal Society of Chemistry.
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2.1.2.1 Lithium Silicides

The concept of using silicon as a negative electrode material stems from its
exceptionally high specific capacity, far surpassing that of the more
conventional carbon anodes.*'-*4 However this technology is still limited by
both a reduction in capacity during cycling and the high volumetric change of
Si-based anodes.**** One material of note is Li12Siz, which has been reported
to display high conductivity of Li-ions, with a jump rate of ~105s'at 150 K and
reached 10° s' at 425 K.** These values were obtained using “Li NMR
spectroscopic techniques such as ’Li line narrowing and SLR rate
measurements (Figure 2.5). The results in this paper were pivotal in furthering
the application of SS-NMR in the characterisation of ion mobility pathways in
solids, as this was the experimental verification of the mathematical proof
determined by Sholl et. al.#¢ relating the frequency dependence of the high
temperature flank of the BPP curves in the rotating frame (Figure 2.5(c)).
Three Li-ion diffusion processes were observed, a quasi-1D process occurring
in two well-separated 1D partial structure elements along the [100] direction
and two 3D processes that occur at a much slower rate. The activation
energies associated with the two 3D processes and the quasi-1D process

were reported to be 0.55, 0.32 and 0.18 eV respectively.
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Figure 2.5. (a) 'Li NMR spectra recorded at various temperatures (125, 188,
and 258 K at wo/2m = 155.4 MHz and 723 K at 77.7 MHz). The spectral
distances of the quadrupolar satellites (Awsat/21T) are indicated. (b) Motional
narrowing of the line width (full width at half-maximum) of the central ’Li NMR
transition. (c) Arrhenius plots of the ‘Li NMR SLR rates in the laboratory
frame, T1~!, at wo/2n = 155.4 and 77.7 MHz and those in the rotating
frame, T1,7, at w1/2n = 39.0 and 12.4 kHz. Dashed lines are guides to the eye.
Figures adapted with permission from reference 45. Copyright 2013 American

Chemical Society.
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2.1.3 Liquid state electrolytes

Typical commercial electrolytes are composed of organic lithium salts such as
LiPFe in a non-aqueous solvent,3474% commonly comprised of dimethyl
carbonate, diethyl carbonate, ethyl methyl carbonate, ethylene carbonate,
propylene carbonate (Figure 2.6) or a combination of multiple, due to their
inertness toward strong reducing agents such as lithium. Commonly a porous
polymeric layer consisting of polyethylene and/or polypropylene are also
added in liquid electrolytes as a separator layer to avoid contact between the
anode and cathode. The pore sizes of these separators are smaller than the
particle sizes of the electrodes, while allowing Li* ions to travel through. These
organic liquid electrolytes have led to safety hazards covered in detail by

global news in recent years.
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Figure 2.6. Chemical representations of common liquid electrolyte
components, where the structures of the commonly used Li salt LiFe and non-
aqueous organic solvents dimethyl carbonate, diethyl carbonate, ethyl methyl

carbonate, ethylene carbonate and propylene carbonate are shown.
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2.1.4 Solid-state Electrolytes

Current generation lithium ion batteries with liquid electrolytes composed of a
Li salt in a solvent, offer high performance arising from high ionic conductivity
and excellent wetting of the electrode surfaces.*® However even with the
inclusion of a flame retardant material such as phosphate solvents like
trimethyl phosphate%%! or (ethoxy)-pentafluorocyclotriphosphazene,®? the
organic mixture used to dissolve the Li salt is toxic and not completely non-
flammable. One approach to approach this issue is to replace the liquid
electrolyte with highly conductive solid ion conductors which do not contain

flammable content.

By comparison, the application of a SSE mitigates this safety concern and is
further coupled with an increased energy density.53 However, overcoming the
intrinsically lower ionic conductivity of solids compared with liquids as well as
meeting the requirement for electrochemical stability vs. electrodes remains a

substantial challenge in the deployment of ASSBs.54%5

A room temperature lithium conductivity target of 103 S cm™' has been set for
SSEs®*% based on the conductivities of current generation liquid electrolytes
and has now been met in several different families of materials, including
garnets (Lis.esGao.15LasZr1.0Sco.1012),%” glass—ceramics (Li2S-P2Ss),%8 thio-
LISICONs (Lio.54Si1.74P1.44S11.7Clo.3),%° halide-based SSEs (Li3YBres)®® and
argyrodites (Lis.6Sio.eSbo.4Ss1).6' Nevertheless, these materials still suffer from

limitations such as one or more of the following: air and moisture sensitivity,
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high production costs and poor compatibility with electrode materials. New
high-performance materials can be discovered by deploying design rules
developed by understanding the mechanisms of lithium ionic conduction and

the limiting factors to diffusion processes in solid state electrolytes.®?
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2.2 Literature Review of Selected Lithium Electrolytes

2.2.1 Garnets

These garnet crystal structure possesses the general formula of AsB2(XO4)s,
where A-sites, B sites and X-sites are 6, 8 and 4 coordinate, respectively. Li
containing garnets LisLasM2012 (M = Nb, Ta)®® and cubic LizLasZr2012
(LLZO)®* (Figure 2.7(a)) were initially studied as potential Li* ion conductors.
Of the materials investigated studied, cubic LLZO looked the most promising,
owing to its low activation barrier to Li* ion diffusion (~0.34 eV) with a room
temperature conductivity of ~5 x 104 S cm', however it was found difficult to
reproduce due to the presence of a tetragonally distorted modification of
LLZO83 which has a significantly lower conductivity of 107 S cm™' compared to
the cubic phase. Doping LLZO with aluminium increases the room temperature
stability of the cubic phase,®-%° which lead to an increase in conductivity,

matching the original LLZO values.%®
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Figure 2.7. (a) Crystal structure of cubic LizLasZr.012 where Li, La, Zr and O
atoms and polyhedra are represented in green, purple, pink and red
respectively. Structural model taken from reference’™ and is replotted in
VESTA. (b) Arrhenius plots of the diffusion coefficient versus inverse
temperature, pulsed field gradient parameters of gradient strength = 9.8 T m™’!
and observation time = 70 ms for the membrane (red circle) and powder (black
square) samples. Reproduced from reference’! with permission from the AIP

publishing.

These phases have been investigated by solid-state NMR, with a pure cubic
LLZO being studied both as a membrane and in the powdered form, via pulsed
field gradient (PFG) NMR in order to observe lithium ion migration on the um
length scale (Figure 2.7(b)). This investigation lead to apparent diffusion
coefficients, D as a function of temperature (at a gradient strength, gof 9.8 T
m-' and observation time, A of 70 ms) in order to create an Arrhenius plot that
lead to values of the activation energy for Li-ion mobility of 0.34 eV, matching

the previously difficult to replicate impedance measurements.
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In the aluminium containing LLZO samples, the activation barrier to Li*
diffusion was also approximately 0.34 eV and matched the value found in the
original LLZO paper.%* The current best garnet Li* ion conductor is the Ga-
doped sample LasZriLiessGao.1501272 (LZLGO). The authors utilised "'Ga
solid-state NMR to evaluate the crystallographic position and symmetry of the
Ga site in the LZLGO structure, which was found to sit in an axial symmetric
tetrahedral hole expected in a cubic garnet. ’Li and 'H solid-state NMR was
used to monitor the effect of moisture uptake. LiOH formation was observed
and the increase in ’Li T+ was attributed to topotactic exchange of Li* and H*
ions. Al/Ga doped garnets have high ionic conductivities and are stable with
lithium electrodes. However, are not stable in contact with moisture or COz2 in
the ambient atmosphere. It is important to improve LLZO stability through

material modifications.

2.2.2 NASICON

Sodium superionic conductor (NASICON) type solid electrolyte materials
possess the general formula of NaM2(POs4)s with a rhombohedral structure.
Two [MOs] octahedra and three [POa4] tetrahedra comprise the 3D framework
via corner sharing. The Na atoms can be replaced with Li, forming the
LiM2(POa4)3 general formula, where M is Ti, Zr or Ge”® with M = Ti (LTP)
demonstrating high chemical and thermal stability along with a ionic
conductivity ranging from 10%6-10® S cm™' due to the high resistance in the

grain boundaries.” Research into LTP has shown that partial heteroatom
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substitution can have a large effect on the ionic conduction in the material.”
The most successful of which having been substitution with AI** cations to
create Li1+xAlxTi2x(POas)s (LATP) (Figure 2.8(a,b)). Substituting Ti** with AI**
creates an additional positive charge allowing for the accommodation of

further Li-ions.”
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Figure 2.8. Crystal structure of Li1.5Alo5Ti1.5(PO4)3 where (a) Li atoms in the

36f position have been omitted for clarity and (b) where P and O atoms and all
bonds have been omitted for clarity. Li, Al/Ti, P and O atoms and polyhedra
are coloured green, blue, grey and red respectively. Structural parameters
were taken from reference’ and replotted in VESTA. (c) Static ’Li variable
temperature NMR spectra (d) FWHM of the “Li central transition as a function
of temperature. (e) Arrhenius plot of the ’Li NMR SLR rate is the laboratory
(filled circles) and rotating (empty circle) frame of reference. The spin-lock
frequency was w1/2n = 30 kHz. Red data points were recorded using a high-
temperature probe, while blue points in (d) and (e) were recorded using a
cryoprobe. Reproduced from reference’® with permission from the Royal

Society of Chemistry.
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’Li solid-state NMR spectroscopy has been utilised in order to monitor the key
Li jump processes in LATP on the atomic scale.”® The Li-ion diffusivity in LATP
is extremely high as evidenced from the ’Li line narrowing data (Figure
2.8(c,d)) and can compete with that of sulfide-based electrolytes, which suffer
from hygroscopic properties that complicate both preparation and processing

on a commercial level.

NMR relaxation experiments reveal heterogeneous dynamics comprising
distinct ultra-fast and slower diffusion processes (Figure 2.8(e)), ‘Li NMR
relaxometry revealed several distinct diffusion processes pointing to a
complex overall diffusion mechanism, with activation energies of 0.16(1) eV.
The ' values obtained at the temperatures of the diffusion-induced rate peak
(see Chapter 1.4) maxima are on the order of 108 s' and 10* s' depending
whether the measurements were performed in the laboratory or rotating frame,
respectively. The data seem to suggest three distinct relaxation processes in
the accessible temperature range, as evidenced by the number of maxima
marked by A, B, and C in the figure. Processes A and B are attributed to long
range translational Li-ion mobility, while the process reflected by maximum C
is only partially observable in the rotating frame at T = 600 K. The peak might
reflect Li motion along a separate diffusion pathway that is activated at
elevated temperatures only. Alternatively, it could represent rotational

dynamics of the [POa4] or [TiOs] polyhedra.

NASICON-type solid electrolytes such as LAGP have high ionic conductivity

and good chemical and electrochemical stability. However, one of the LAGP
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precursor, GeOz, is expensive and can significantly increase cost of LAGP

based ASSBs. It is necessary to develop cost effective new NASICON.

2.2.3 Perovskites

Perovskite materials have grown rapid interest in the energy storage materials
community for their potential use in solar cells and LEDs’”-"° as well as solid
electrolytes®8! and electrodes.?28* The perovskite structure has the basic
formula of ABXs where A and B are different sized cations and X is the anion.
The B cation is octahedrally coordinated to six X anions. Each X anion bridges
with another B cation, forming a 3D lattice of corner shared BXe octahedra.
The A site cation resides in a 12-coordination hole made by the octahedral
lattice. This growth in interest in perovskites in various materials communities,
including the battery community, is due to their flexible nature in replacing both
A- and B-site cations, and their ability to not only dope into the cation sites but

also the anion sites.®®

The most highly conducting perovskite to date is the LisxLaz3xTiOs (LLTO)
family® and is composed of TiOe octahedra on the B-site and La3* and Li* on
the A-site, with alternating La3* rich and poor layers (Figure 2.9(a)). The bulk
conductivity of LLTO (x = 0.11) is high with a value of 102 S cm™" at room
temperature and an activation barrier of 0.40 eV. Many materials based on
LLTO have been made, both by altering the Li* content and cations on both
sites, with bulk conductivities and activation barriers of 10-*~10° S cm! and

0.25-0.40 eV.%"
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Figure 2.13. (a) Crystal structure of LisxLaz3xTiO3 (x = 0.11) with corner
sharing TiOs octahedra. Atoms and polyhedra colours: La (pink), Li (green), Ti
(blue), O (red). Structural model taken from reference® and is replotted in
VESTA. (b) Evolution of the T+ (black circles) and T2 (black squares)
relaxation rates as a function of inverse temperature for Lio.1sLao.e1TiOs.
Adapted with permission from reference®®. Copyright 2000 American Chemical

Society.

Two main properties make LLTO a good Li* ion conductor. First, the A-site
cations in LLTO have different charges and defects must therefore be
introduced to balance the charge. In the case of LLTO, vacant A-sites are
formed. Secondly, due to the small ionic radii of Li* (0.59 A),% it is displaced
from the centre of the A-site and displays a fourfold coordination.®’ The ionic
radii of Li* in this coordination sphere is significantly smaller than La3* (1.36
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A),% allowing Li* to travel through the bottleneck between A-sites (~1.07 A for
an ideal perovskite cell,?2 corresponding to Li* diffusion through the material.

Solid-state NMR has been used extensively to understand the Li* dynamics in
LLTO. The change in spin-lattice relaxation time T+1 of Lio.1sLaos1TiO3s with
temperature showed a maximum of T+' curve at 275 K (Figure 2.9(b)), the
correlation time t of the Li motion satisfies the relation wot = 1. From this fact,
the correlation time is calculated to be = 10® s at 275 K. A more
comprehensive analysis of the T+" curve shows that a second maximum with
a lower intensity could be present at 333 K, confirming the existence of two
stages in Li motion deduced from T2 data. The presence of these two rate
maxima was also observed in other LLTO phases.®® Activation energies
deduced from both sides of the maximum are 0.16 eV (low temperatures flank)

and 0.25 eV (high temperatures flank).

Perovskite-type solid electrolytes are promising for application in ASSBs.
However, preparation conditions are very harsh and ionic conductivity is less

than other families of materials.

2.2.4 Anti-perovskites

Whereas the perovskite structure has a basic formula of ABX3 where A and B
are different sized cations and X is the anion, the anti-perovskite structure
contains the same basic formula with the anion and cation sites reversed.
Lithium rich anti-perovskites (LiIRAPs) have been widely researched®-%" due
to their high reported room temperature ionic conductivities (>103 S cm-’),
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however the preparation, structures, ionic conductivities and ion mobility
mechanisms in LIRAPs have been the subject of considerable debate in recent

years.%8

One example of such a material is the hydrated phase, Li2OHCI, in which two
phases have been confirmed.® Below ~310 K, Li2OHCI is reported to exist as
an orthorhombic structure whilst above this temperature, Li2OHCI undergoes
a phase transition to the cubic anti-perovskite phase. This phase transition,
which is observed via both 2H VT measurements and ’Li and 'H relaxometry
(Figure 2.10(a-c)), is known to increase the Li-ion conductivity by several
orders of magnitude. The ?H VT measurements between —-19 and 63 °C
display a classic, axially symmetric lineshape MAS pattern indicative of the
absence of motion and, hence, static OH/OD- groups. The ?H NMR data
presented indicates that even at 63 °C, when Li2ODCI is known to be in the
cubic phase, the OH/OD- groups are still static, indicating that even though
the phase transition has occurred, the OH/OD- groups are not yet mobile.
Hence, the phase transition alone is not responsible for mobility of the OH-
/OD- groups. As the temperature is increased to 95 and 110 °C, a single
resonance is observed, confirming mobility of the OH/OD- groups. There is a
strong correlation between the Li motion and OH™ group rotation in Liz-xOHCI,
with the OH™ groups being able to freely rotate in the cubic phase, whereas
they are believed to be static in the orthorhombic phase as a result of the

reduced Li motion.100
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Extensive studies combining NMR and computational methods have been
undertaken in order to investigate the local and long range ionic diffusion in
Li2OHCI.9%1°" The rotation of the OH- group determines ion dynamics of Li*
and H* as evidenced by the °H NMR as well as the “Li and 'H spin-lattice T+
relaxation experiments (Figure 2.10(b,c)). Variable temperature 2H and 'H
relaxometry NMR data indicates that proton movement is limited to rotation of
the OH" groups while Li-ion mobility is long range. The presence of both static
and locally mobile OH™ groups in the cubic phase of Li2OHCI was confirmed
using °H NMR. The NMR experiments show that the protons point towards Li
vacancy sites and that there is a strong correlation between long-range Li-ion

transport and OH- rotation (Figure 2.10(d)).
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Figure 2.14. (a) Variable temperature 2H MAS NMR spectra of Li2ODCI
collected at vr = 10 kHz. Spin lattice relaxation rate for (b) ’Li and (c) 'H. Inset
shows the Li ionic conductivity measured by electrical impedance
spectroscopy (EIS). (d) Li and H motion in Li2OHCI at various stages (Li:
yellow, Li vacancy: white, H: dark grey, O: red). (a) Figure adapted from
reference'% with permission from the Royal Society of Chemistry. (b-d) Figure

adapted from reference'' with permission from Wiley Ltd.

Below —-40 °C (Stage 1), no large-angle motions are observed for both H* and
Li*. The proton movement is first detected as librational motion of the OH
group in the temperature range between —40 °C and -10 °C (Stage Il), in which
Li-ions are still immobile. At higher temperature range of -10 to +40 °C
thermally activated re-orientational motion of the OH group between two

adjacent vacancy sites enables Li* diffusion within a unit cell. At above 40 °C
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the rapid hopping of Li* that represents the change from apical to adjacent Li
vacancy sites enabling Li* diffusion between unit cells. In the (orthorhombic
symmetry) unit cell the Li/H-rearrangements are sluggish and random in
different conformations. As the crystal structure changes to tetragonal and
then to cubic symmetry at higher temperatures, the exchange rates and thus

the translation Li* diffusion rapidly increases.

Anti-perovskite-type of solid electrolytes have the benefit of high ionic
conductivities and can be applied in bulk and thin-film ASSBs. However, they
are very hygroscopic and operation in an inert atmosphere is required, limiting

their usage in ASSBs.

2.2.5 LISICON

The first lithium superionic conductor (LISICON) Li14Zn(GeOa4)s was reported
during the study of the Lite-2xM"x(M'VOa)s compositions (M?* = Mg?*, Zn?*; M%*
= Si**, Ge**) (1 < x < 3) and has a conductivity value of 0.13 S cm™ at 300
°C.192 The framework of LISICONs is the same as y-LisPO4 (Figure 2.11(a))
and consists of a hexagonal closed packed array of corner sharing M?*O4 and
M4+*Q4 tetrahedra. However LisPO4 has been shown to have a very limiting Li-

ion conductivity of 10° S cm".103

Nitridation of y-LisPOs proceeds by the substitution of two atoms of N* for
every three atoms of O%, giving rise to an oxynitride glass with formula MPO:s.
3x2Nx. The network structure of this new glass will then be composed of some

remaining PO4 groups and new PO3N and PO2N2 ones. Due to this nitridation
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process, the properties of the resulting materials are greatly enhanced, notably
mechanical and chemical resistance and ionic conductivity. This class of solid-
ion conductors is referred to as LiPON. Solid-state NMR has been utilised in
the investigation of LiPON in both the Li-ion mobility as well as the role of the
PO4 units in the ion migration.'%41%5 The 7Li NMR investigations on LiPON thin
films evidenced that only part of the Li-ions are mobile and participate in the
diffusion process. In addition, the number of mobile Li-ions decreases in
conjunction with the total number of lithium ions as nitridation increases.'% 3'P
MAS NMR spectra as a function of temperature (Figure 2.11(b)) of LiPONo.42
in conjunction with the mapping of the 3'P signals obtained through various 2D
correlation experiments such as rotation echo double resonance (REDOR),
heteronuclear correlation (HETCOR) and incredible natural abundance double
quantum transfer experiment (INADEQUATE) NMR experiments'%® allowed
for the investigation of the structural arrangement of the building units and its
evolution with temperature. The results evidenced that the network
organization adopted by the glasses distinctively depends on the nature of the
modifier cation (Li or Na). However, the results excluded any significant phase
separation or segregation of oxide and oxynitride regions, despite some
clustering of nitride species may be occurring, mostly in the lithium-containing

glasses.
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Figure 2.8. (a) Crystal structure of y-LisPOs. Atom colours: lithium (green),
phosphorus (grey), O (red). Structural model was taken from reference® and
is plotted in VESTA. (b) Variable temperature 3'P MAS NMR spectra for a
glass sample of LIPON. The lowest spectrum is taken at ambient temperature

after heating to check for permanent structural changes. Figure reprinted with

permission from references. Copyright 2021 American Chemical Society.

LISICON solid electrolytes generally have good chemical and electrochemical
stability, but low ionic conductivities compared with other oxide solid
electrolytes. LIPON-type solid electrolytes have been applied and are suitable
in thin-film ASSBs, but are not suitable for bulk ASSBs due to their low ionic

conductivities of 10-6-10° S cm-' at room temperature.
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2.2.6 Thio-LISICONs

Thio-LISICONS are a structural group based on the LISICON group, where O%
is replaced with S?- to improve ionic conductivity due to its larger ionic radii
(152 and 170 pm, respectively) and higher polarizability characteristics.07-110
This anion replacement reduces the Li* interaction with the framework and

increases the channel size, easing ion transport in the material.'

The most well-known and high performance best thio-LISICON reported is
Li1oGeP2S12 (LGPS), which exhibits a very high conductivity of 1.2 x 102 S cm-
T at room temperature,’" surpassing liquid-state electrolytes.''? The structure
consists of two isolated tetrahedra residing in two different crystallographic
sites — one fully occupied with PS4 and the other with a 1:1 ratio of PS4 and
GeSs (Figure 2.12(a,b))."" 12 Further analogues of LGPS have been
synthesised by replacing Ge with Si and Sn, which have shown similar

conductivity values.'13.114
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Figure 2.12. (a) Crystal structure of LitoGeP2S12 along the (a) a-axis and (b)
c-axis. Atom colours: Li (green), Ge (purple), P (grey), S (yellow). Purple
tetrahedra denote the (Ge/P)S4 tetrahedra site. Vacancies are shown in white.
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Structural model taken from references and is plotted in VESTA. (c) Static "Li
NMR spectra as a function of temperature of LizGePSs (left) and LiioGeP2S12
(right) measured at 9.4 T. The red arrow indicates the averaging of the
quadrupolar interaction. Inset: measured and simulated quadrupolar coupling
of the 'Li NMR spectrum of LizGePSs at 303 K. (d) Arrhenius plot of the 1™
values obtained from the relaxometry and line narrowing measurements. The
1 values obtained for LizGePSs and Li1oGeP2S12 are represented by red and
black circles respectively. (e) Longitudinal ’Li relaxation rates measured as a
function of inverse temperature of LirGePSs at 9.4 and 4.7 T. (f) Motional
narrowing of the FWHM of the central transition of Li7GePSs and Li1oGeP2S12.
Reproduced from reference''® with permission from the Royal Society of

Chemistry.

The LGPS family has been investigated extensively through solid-state NMR
spectroscopy.''61"® The Li* dynamics of multiple compositions of LGPS and
its Si/Sn variants have been studied using NMR relaxometry and pulse-field
gradient (PFG) NMR.16.118 |t is reported that Li11Si2PS12 has the lowest
activation barrier of the series studied (0.19(1) eV), followed by Li1oGeP2S12
(0.21(1) eV), then Li1oSnP2S12 (0.23(1) eV), which are in agreement with
computational studies of these phases.'0 5Li, "Li and 3'P NMR relaxometry
and PFG NMR have been used to study the Li* diffusive pathway in both
LizGePSs and L10GeP2S12'""” and Li1oSnP2S12.12! 7Li line narrowing and T+

relaxometry of LizGePSs and Li1oGeP2S12 (Figure 2.12(d-f)) reveal an
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exceptionally high ionic conductivity of tetragonal LGPS of ~102 S cm' due to
a nearly isotropic Li hopping processes in the bulk lattice of LGPS. Further
investigations identify an anisotropic 3D Li* diffusion network, consisting of a
combination of an ultrafast 1D diffusion channel of 0.16 eV probed by ’Li line
width and the frequency dependence on the high temperature flank of the T+,
' BPP curve (Chapter 1 section 1.4.2) relaxometry and an in-plane 2D
pathway of 0.26 eV by various NMR methods. The authors also suggest the
activation barriers obtained by other NMR such as PFG and non-NMR
methods such as EIS are an average of the 1D and 2D processes as the
timescales probed via these methods are significantly longer than for

relaxometry.

Thio-LISICON solid electrolytes have the highest ionic conductivities in the
magnitude of 102 S cm™' at room temperature. However, they are not stable in
the ambient atmosphere due to reacting with moisture. Hence they have to be

used in a controlled atmosphere for bulk batteries.

2.2.7 Argyrodites

Argyrodites are a family of Li* ion conductors with general formula of LisPSsX
(X = ClI, Br, I) based on the mineral on the argyrodite AgsGeSs and has high
ionic conductivities ranging between 102 and 102 S cm™."22 The structure
consists of layers of isolated PS4 tetrahedra and X, with layer of isolated S

and Li* sites in between (Figure 2.13(a)).
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Figure 2.13. (a) Crystal structure of LisPSsl. Atom colours: Li (green), P
(purple), S (yellow), | (violet). Vacancies are shown in white. Structural model
taken from reference'? and is plotted in VESTA. (b) Arrhenius plot of 6Li and
’Li NMR relaxation rates T1"' and T1," of LisPSsBr. Reprinted with permission

from reference’®. Copyright 2013 American Chemical Society.

Variable temperature static 'Li NMR were performed on these samples to
study their Li* dynamics.'®?'?* The bromine sample was identified as having
the highest Li* mobility out of the halide compounds using ’Li line width
analysis,'?? which were complemented by impedance studies.'?® “Li NMR
relaxometry on LisPSsBr showed a small activation barrier for 3D Li* long
range diffusion of 0.20(2) eV and a T1p"' and T+"" maximum at 167 and 263 K,
respectively (Figure 2.13(b)). The Li* jump rate derived here is converted into
conductivity values by the Einstein-Smolchowski and Nernst-Einstein
equations, and was found to be on the order of 102 S cm, illustrating

extremely fast Li* diffusion in LisPSsBr.123
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Further investigations into the dynamic processes in the iodide phase and the
Ge doped derivatives Lis+xP1-xGexSsl demonstrated that while LisPSsl is a
rather poor ionic conductor (106 S cm', 298 K), the Ge-containing samples
show specific conductivities on the order of 102 S cm' (330 K). Substituting
P5* with Ge** not only causes S2/I- anion site disorder but also reveals via
neutron diffraction that the Li-ions do occupy several originally empty sites
between the Li rich cages in the argyrodite framework. As the Ge and
subsequently the Li content increases the population of interstitial sites is
increased and the extent of anion site disorder also increases, however, to a
much lesser extent. At 25 at. % Ge, Li-ions start to occupy the new site T2
(Wyckoff 48h); at 60 at. % Ge, they also reside on the T4 position (Wyckoff
16e). The occupation of these originally empty sites forms an interconnected
Li* sublattice offering a larger variety of jump processes. Consequently, in
samples with high Ge-contents, the Li* ions have access to an interconnected
network of pathways allowing for rapid exchange processes between the Li
cages, as evidenced by the “Li line narrowing data (Figure 2.14(a)). Using Li
and 3'"P SLR NMR (Figure 2.14(b)) it was possible to quantify and differentiate
between the local intracage dynamics and the intercage jumps. The population
of interstitial Li sites in Lis+xP1-xGexSsl, forming a variety of Li pathways
connecting the Li-rich cages is responsible for the significant increase in Li-ion

conductivity in this class of argyrodite-type materials (Figure 2.14(c)).

Argyrodite-type solid electrolytes possess high ionic conductivities, similar to
sulfide-type solid electrolytes, however they are not stable in the ambient
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atmosphere. Suitable encapsulation of cells using argyrodite-type solid

electrolytes is essential, otherwise this will likely lead to safety concerns.
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Figure 2.14. (a) Static 'Li FWHM linewidths for Lis+xP1-xGexSsl with x ranging
from 0-0.6. The vertical arrow points to a local maximum that is caused by
interactions of the mobile Li spins with paramagnetic centres. (b) Arrhenius
plot of the diffusion induced “Li SLR rates in the laboratory (circles) and
rotating (squares) frame of the x = 0.25 sample. Solid lines represent BPP
global fits; dotted lines show the separate contributions to the overall
response. For T1,", the two different fits including error bars are shown:
Orange squares refer to the rate when fitting the transients by a simple

exponential decay function, and blue squares indicate the two rates from using
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a bi-exponential expression. (c) Distribution of Li* ions in the crystal structure
of Lis+xP1-xGexSsl with 0 at. % Ge (left) and 60 at. % Ge (right). Arrows indicate
the available jump processes for the cations. A schematic energy landscape
is also shown for each structure. Adapted with permission from reference'?.

Copyright 2022 American Chemical Society.
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2.3 Summary and Outlook

Reported conductivities of representative Li-ion conductors of the main
structural families discussed in this chapter are reported in Table 2.1. Sulfide
Li-ion conductors generally have higher conductivities compared with oxide
based conductors, as expected due to their higher polarizability. LGPS,
Lig.54Si1.74P1.44S11.7Clo.s  Lis2sLasZr2Alo.2s012  and  LisOClosBros  have
comparable ionic conductivities to liquid electrolytes, however atmospheric

and electrode stability limit their application in ASSBs.
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Table 2.1 Reported Li-ion conductivities of solid ion conductors for the

electrolyte families discussed in this chapter at room temperature.

various

Family Composition c/Scm™ Ref

LizLasZr2012 5x10* 64
Lis.ssGao.1sLasZr.012 2.06 x 1073 127
Garnet LissLasZrisTaps012 7.5x 1072 128
Lis.2sLasZr2Alg 25012 6.8 x 102 128
Lis.osLasZroTag25Gap2012 1.04 x 103 128
76
Lit.5Alo5Ti1.5(POa)3 3x10°3 129
Li1_4A|o_4Ti1_6(PO4)3 1.12 x 10'3 130
NASICON Lit.3Alo3Ti1.7(POa)3 7 x10* 131

LiTiz(POa)s 2 x 10°
Lio.1sLaoe1TiO3 ~10* 89
Perovskite Lio.3sLaos51TiO2.04 2x10° 132
LizeSr716 TazaHf1403 3.8 x10* 133
Lio.2sLaos83TiO3 453 x10* 134
. , Li>OHCI ~103 100
Anti-perovskite LisOClosBro.s ~102 94
v-LisPO4 ~10° 108
LiPONo 42 ~10% 105
LISICON Y-Li14.4V16Ge24016 ~10° 1o
Liz.53(Ge0.75P0.25)0.7V0.304 5.1x10° JZZ

Liz6Ge0.6V0.404 4 x10°
Li1oGeP2S12 1.2x 1072 m
. Lis 275Ge0.61Gao 2554 6.5x10° 108
Thio-LISICON Lio.54Si1.74P1.44S117Clo 3 2.5x 102 59
Liz.25Si0.25P0.7554 1.22x 103 137
LisPSsBr 4 138
Argyrodite LisPSsl ) 5 138
Lis.6Po.4GeosSs 1.9x10 139

6.6P0.4Geo6Ss 54 % 10°

Liquid 1M LiPFs (50:50 EC/PC) 6.8 x 107 740

Whilst the field of solid-electrolytes further advances, an increasing number of

materials are reaching and exceeding the ionic conductivity of liquid

electrolytes. However, understanding the local structure and Li-ion pathways

in these materials is paramount in the further increasing the ionic conductivity
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and enhancing stability against electrodes. Solid-state NMR is well suited to
this task, an inherently local characterisation technique, allowing for the
acquisition of information vital to the understanding of solid-electrolyte
candidates. NMR can be used in conjunction (or isolated) with x-ray diffraction
and impedance spectroscopy, in order to gain insights on both the local and

long range structures and ion mobility pathways in these types of material.
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3. Toward Understanding of the Li-lon Migration
Pathways in the Lithium Aluminium Sulfides
LisAlIS; and Lis3AlS33Cloz via ®’Li Solid-State

Nuclear Magnetic Resonance Spectroscopy

3.1 Overview

The first new materials of interest reported in this thesis are the lithium
aluminium sulfides LisAlSs and the chlorine-doped analogue Lis.3AlS3.3Clo.7.
These materials were first reported in Chemistry of Materials in 2019 and
20212 respectively, with a follow-up NMR focussed paper published in 20233

from which this chapter is largely extracted from.

The paper reporting the LisAlSs and Lis.3AIS3.3Clo.7 materials were entitled
“Computationally Guided Discovery of the Sulfide LisAlS3 in the Li-Al-S Phase
Field: Structure and Lithium Conductivity” by Jacinthe Gamon, Benjamin B.
Duff, Matthew S. Dyer, Christopher Collins, Luke M. Daniels, T. Wesley Surta,
Paul M. Sharp, Michael W. Gaultois, Frédéric Blanc, John Bleddyn Claridge,
and Matthew J. Rosseinsky and “Lis.3AlS3.3Clo.7: A Sulfide—Chloride Lithium lon
Conductor with Highly Disordered Structure and Increased Conductivity” by
Jacinthe Gamon, Matthew S. Dyer, Benjamin B. Duff, Andrij Vasylenko, Luke
M. Daniels, Marco Zanella, Michael W. Gaultois, Frédeéric Blanc, John B.
Claridge, and Matthew J. Rosseinsky. The author contributions are as follows,

M.J.R devised the project, L.M.D, M\W.G and J.B.C assisted in supervising
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the project, M.S.D, C.C, TW.S, AV, MZ and P.M.S performed the
computational calculations, J.G synthesised the material, performed the
diffraction experiments/analysis and conducted the EIS measurements. B.D
conducted the NMR experiments and analysis, with support from F.B. This
chapter combines the NMR contribution to these collaborative works with the
NMR focussed paper entitled “Towards Understanding of the Li-lon Migration
Pathways in the Lithium Aluminium Sulphides LizAlS3 and Lis.3AlS3.3Clo.7 via
6.7Li Solid-State Nuclear Magnetic Resonance Spectroscopy” by Benjamin B.
Duff, Stuart J. Elliott, Jacinthe Gamon, Luke M. Daniels, Matthew J.
Rosseinsky, and Frédéric Blanc. The authors’ contributions are as follows, F.B
devised the project, M.J.R and L.M.D assisted in supervising the project, J.G
synthesised the original materials as well as the 6Li-enriched samples and
performed diffraction experiments S.J.E assisted with the simulation of the
relaxation profiles, B.D collected all the NMR experiments and performed their

analysis.
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3.2 Abstract

Li-containing materials providing fast ion transport pathways are fundamental
in Li solid electrolytes and the future of all-solid-state batteries. Understanding
the structures as well as the Li-ion pathways; which usually benefit from
structural disorder and cation/anion substitution, is paramount for further
developments in next-generation Li solid electrolytes. Here, we exploit 6Li and
27Al MAS techniques in conjunction with DFT and XRD in order to derive the
structures of LisAlSs and Lis.3AIS3.3Clo.7, as well as a use a range of variable
temperature SLi and 7Li nuclear magnetic resonance approaches to determine
Li-ion mobility pathways, quantify Li-ion jump rates, and subsequently identify
the limiting factors for Li-ion diffusion in LisAlSs and chlorine-doped analogue
Lis.3AIS3.3Clo.7. Static ‘Li NMR line narrowing spectra of Li3AlS3 show the
existence of both mobile and immobile Li-ions, with the latter limiting long-
range translational ion diffusion, while in Lis.3AlS3.3Clo.7, a single type of fast-
moving ion is present and responsible for the higher conductivity of this phase.
6Li-SLi exchange spectroscopy spectra of LisAlS3 reveal that the slower moving
ions hop between non-equivalent Li positions in different structural layers. The
absence of the immobile ions in Lis3AlIS33Clo.7, as revealed from ’Li line
narrowing experiments, suggests an increased rate of ion exchange between
the layers in this phase compared with LisAlSs. Detailed analysis of spin-lattice
relaxation data allows extraction of Li-ion jump rates that are significantly
increased for the doped material and identify Li mobility pathways in both
materials to be three-dimensional. The identification of factors limiting long-

range translational Li diffusion and understanding the effects of structural

119



modification (such as anion substitution) on Li-ion mobility provide a
framework for the further development of more highly conductive Li solid

electrolytes.
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3.3 Introduction

Higher symmetry structures with mixed site occupancy have been shown to
lead to significant improvements in ionic conductivity, the reason for which
remains somewhat uncertain.*% Anion substitution in order to produce mixed
anion materials has been commonly utilised in solid-state chemistry to achieve
improved electrolyte stability against electrodes. In particular halides present
the advantage of being highly stable against Li metal with increased
conductivities compared to pure sulphide analogues and comparatively higher
oxidation potentials leading to a lower likelihood of halide oxidation.t”
Moreover, as halide anions have a lower charge compared to sulphide anions,
halide-sulphide substitution enables cation off-stoichiometry, which is
favourable for conductivity. In particular, the CI- anion, which has a similar ionic
radius to S% (167 and 170 pm, respectively),? favours mixed occupancy on the
anionic sites, and hence disorder, leading to increased performance as shown
in disordered argyrodites® and the previously mentioned

Lio.54Si1.74P1.44S11.7Clo.3.”

Solid-state nuclear magnetic resonance (NMR) spectroscopy is an extremely
powerful tool for the investigation of disordered materials, as unlike diffraction-
based methods the technique does not depend on long-range structural
order.’ NMR is widely used for structural determination purposes,’® yet can
also be very effectively employed for the assessment of ion dynamics and
diffusion  processes,!"" complementing, for example, conductivity
measurements from electrical impedance spectroscopy (EIS)® or Muon

spectroscopy.'? In particular, NMR spectroscopy offers a direct, non-
121



destructive method to probe the mobility of Li* specifically’®'” because of its
unique inherent isotope specificity exploiting both NMR-active isotopes of
lithium (BLi, 7.59% natural abundance, spin | = 1 and ’Li, 92.41%, | = 3/2) whilst
also being suitable for powdered samples. The key to the study of dynamics
by NMR lies in the wide range of timescales that can be accessed. These
range from very fast motional processes in the order of 10-'2 s*' probed by
measuring spin-lattice relaxation (SLR) time constants to much slower motion
on the timescale of 10 s' from lineshape analysis or s’ in exchange
spectroscopy (EXSY). NMR also allows for the extraction of site selective
dynamics information which is highly complementary to the mean structure
with average occupancies of particular sites accessible by diffraction-based

methods.

Static ’Li variable temperature (VT) NMR has been widely used to probe
lithium ion dynamics in ionic conductors, allowing for extraction of activation
energies (Ea) and correlation rates (tc') of the Li-ion jump processes (tc is
basically the jump rate t*).3 7Li VT NMR spectra can also provide qualitative
insights into ion mobility in solids by identifying the sites contributing to long
range ion mobility and the pathways involved. For instance, a number of
previous works'®20 have shown that static VT NMR spectra can support the
presence of both mobile and immobile ions on the NMR timescale which is
evidenced by the superposition of resonances with different linewidths from
ions moving at different rates. VT diffusion-induced 7Li NMR SLR rate
constants in both the laboratory (T+') and rotating (T1,") frames allow access

to quantitative information on the Li diffusion process. Additionally, the
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dimensionality of Li-ion mobility within the material can be extracted from the
frequency-dependence of the SLR rate constants as initially postulated based
on theoretical calculations?’ and recent experimental verification for Li12Si7.%?
Two-dimensional (2D) EXSY NMR experiments are a powerful method for
investigating chemical exchange in ionic conductors and allow for both
qualitative observation of which inequivalent sites are involved in the ionic

exchange and quantitative extraction of site-specific jump rates.?3-26

We discovered two lithium aluminium sulphide phases, LisAISs' and
Li4.3AIS3.3Clo.7,2 through a computational approach involving the screening and
identification of new materials in the Li-Al-S phase field. We utilised 6Li magic
angle spinning (MAS) and ?’Al (I = 5/2) multiple quantum MAS (MQMAS) NMR
for structure determination. Here, we report a comprehensive understanding
of the lithium-ion dynamics of these phases from Li line narrowing, relaxation,
EXSY data and site specific 6Li exchange. The results identify the limiting
factors for Li-ion mobility in LisAlS3 and rationalise the increased ion mobility

observed in the Lis.3AIS3.3Clo.7 disordered mixed anion structure.
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3.4 Experimental

LisAIS3" and Lis.3AlS3.3Clo.72 at natural abundance were synthesised according
to reported solid-state synthesis procedures. SLi enriched Li3AlS3 and
Li4.3AIS3.3Clo.7 were prepared using the same procedure with 6Li enriched Li2S
(prepared from 95% 6Li enriched Li2CQO3,%> CortecNet, 99.7% purity) as the
lithium precursor. Routine analysis of phase purity and lattice parameters were
performed on a Bruker D8 Advance diffractometer with a monochromated Cu
source (Ka1, L = 1.54060 A) in powder transmission Debye Scherrer geometry
(capillary) with sample rotation. Powder X-ray diffraction patterns of the 6Li
enriched samples are shown in Figure 3.15 and are in agreement with the

literature.!2

The 2’Al MAS NMR data of Li3AlS3 were recorded at 9.4 T on a Bruker Avance
[l HD under MAS at a rate of wr/2n = 12 kHz using a 4 mm HXY MAS probe
(in double resonance mode) and at 20 T on a Bruker NEO spectrometer using
a 3.2 mm HXY MAS probe (in triple resonance mode). The ?’Al spectra of
LisAISs were obtained at 9.4 T with a short pulse angle of 30° of 0.33 us
duration at an rf amplitude of m1/2n = 83 kHz and at 20 T with a short pulse
angle of 30° of 0.55 us duration at an rf amplitude of w1/2n = 50 kHz. The #’Al
spectra of Lis.3AlS3.3Clo.7 were obtained using a 3.2 mm HXY MAS probe in
double resonance mode on a 20 T Bruker NEO solid-state NMR spectrometer
under MAS at a rate of w/2n = 20 kHz. The 2’Al triple quantum magic-angle
spinning (MQMAS)?” for both phases were obtained at 9.4 T with a z-filtered

sequence?® and using rf field amplitudes of w1/2n = 83 kHz for the excitation
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and reconversion pulses and 4 kHz for the selective 90° pulse. The 2’Al shifts

were referenced to 0.1 M AI(NOs)s in H20 at O ppm.

Static “Li VT NMR experiments were recorded on a 9.4 T Bruker Avance |ll HD
spectrometer equipped with a 4 mm HX high temperature MAS probe with the
X channel tuned to "Li at wo/2x(’Li) = 156 MHz. All Li one pulse NMR spectra
were obtained with a hard 90° pulse at a radiofrequency (rf) field amplitude of
o1/2n(’Li) = 83 kHz. “Li quantum filtered NMR experiments were performed
using the multiple-quantum filter pulse sequence w/2 - t1-nt-11—0—-12—-0 -
acq with suitable phase cycling depending on whether double (6 = 54.7°) or
triple (6 = 90°) quantum coherence was targeted for filtration.?%-3' Delays 11
and t2 were optimised for maximum signal intensity. Hahn-echo experiments
were performed using the sequence /2 - © - © - 1 - acq with hard pulses at rf
field amplitudes of w1/2n(’Li) = 83 kHz, t delays varied from 9 to 90 us. All
NMR spectra were obtained under quantitative recycle delays of more than 5
times the T1 time constants at each temperature. T1 time constants were
measured using the saturation recovery pulse sequence (n/2)x100 — © — 1/2 -
acq with increasing recovery delay values t. For LisAlSs, data were fitted with
a bi-exponential recovery of the form 1 — a-exp[-(t/T1,slow)] + b-exp[-(t/T1 fast)]
where T1.siow and T1 fast are the time constants and a and b are the proportional
contributions associated with the slow and fast components of the build up
curves, respectively. For Lis3AlS33Clo7, data were fitted with a stretch
exponential function of the form 1 — exp[-(t/T1)*] (with a ranging from 0.9 to 1).
T1p time constants were recorded using a standard spin-lock pulse sequence

n/2 — spin lock — acq (where the duration of the spin-lock pulse is incremented)
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at frequencies of w1/2n(’Li) = 10, 30, and 80 kHz and the data were fitted to a
stretch exponential function of the form exp[—(t/T1,)"] (with B ranging from 0.5
to 1). The stretch exponential was used in order to account for a distribution of
1c values, temperature gradients across the sample (see below) and the
inherent multi-exponential behaviour for relaxation of | = 3/2 nuclei.3>34 Static
’Li NMR lineshapes obtained at various temperatures were simulated with the
solid lineshape analysis tool “Sola” in Topspin to determine the ratio of the two
components contributing to the lineshapes as well as the quadrupolar coupling
constant Ca and the asymmetry parameter na values. All samples for static

experiments were flame-sealed in Pyrex inserts under an Ar atmosphere.

6Li MAS NMR experiments were performed on a 9.4 T Bruker DSX
spectrometer using a 4 mm HXY MAS probe (in double resonance mode) with
the X channel tuned to 6Li at wo/2n(°Li) = 59 MHz. A 90° pulse of duration 3 us
at a rf amplitude of w1/2n(6Li) = 83 kHz was used. The MAS frequency wr/2n
was set to 10 kHz. 5Li MAS NMR spectra were acquired under quantitative
recycle delays of more than 5 times the 6Li T4, measured via the saturation
recovery pulse sequence. Static 5Li T1 time constants were also recorded
using the same pulse sequence. Additionally, 6Li MAS NMR spectra were also
collected on a 20 T Bruker NEO spectrometer using a 3.2 mm HXY probe with
the X channel tuned to 6Li at wo/2n(6Li) = 126 MHz and at ox/2n = 20 kHz with
a 90° pulse duration 4.5 us at an rf amplitude of m1/2n(6Li) = 56 kHz for LisAlS3
and a 90° pulse duration 3 pus at an rf amplitude of w1/2rn(°Li) = 83 kHz for

Liz.3AlS3.3Clo.7.

6Li-5Li EXSY NMR experiments were performed on an 18.8 T Bruker NEO
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spectrometer equipped with a 1.3 mm HX MAS probe with the X channel tuned
to BLi at wo/2n(°Li) = 118 MHz, a 90° pulse of duration 3 us at an rf amplitude
of w1/2n(8Li) = 83 kHz and under wr/2n = 15 and 45 kHz. Diagonal and cross
peak intensities |4 and lc, respectively, were extracted using Topspin. The
sample temperature increase due to frictional heating at faster MAS
frequencies was calibrated via "°Br T1 measurement on the chemical shift

thermometer KBr.3%

Temperature calibrations of the 9.4 T NMR probes were performed with the
chemical shift thermometers Pb(NO3z)2 using 2°”Pb NMR?3¢:37 and Cul and CuBr
using 83Cu NMR.38:39 The errors associated with this method were calculated
using the line broadening of the isotropic peak and are in the 5-20 K range.

The SLi and “Li shifts were referenced to 10 M LiCl in D20.
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3.5 Results and Discussion

3.5.1 Structure determination and description

NMR spectroscopy at various fields was deployed in conjunction with
diffraction techniques in order to confirm the overall pattern of site occupancy
of the lithium atoms in LizAlS3. The 6Li MAS NMR spectra at 9.4 and 20 T for
LisAlS3 are shown in Figure 3.1(a) and display three well-resolved resonances
at 1.7, 1.3, and -0.2 ppm, which fit yield signals of equal integration. A small
shoulder is also observed at 1 ppm and corresponds to the LisAlS4 impurity
seen in the diffraction and ?’Al NMR data (Figure 3.2);*0 this signal was found
to integrate 3.0(5) mol % LisAlSs, in agreement with the 3.3(5) mol % value
from diffraction. Based on the well-established semi-empirical correlations
relating the lithium coordination environment and 6Li NMR shifts,*' further
aided by calculations of the NMR parameters using the GIPAW approach??43
as implemented in CASTEP#* (Table 3.1), the signal at —0.2 ppm has been
attributed to the octahedrally coordinated Li2/Li2b and Li3 sites while the
resonances at 1.3 and 1.7 ppm correspond to Li4 and Li1, respectively. These
assignments agree well with the structural refinement from diffraction, which
identified the sum of the contents of the three octahedrally coordinated sites
Li2 (0.8(3)), Li2b (3.2(3)), and Li3 (4.0(4)) to 8.0(7) Li per unit cell and the
contents of the two tetrahedrally coordinated Li4 and Li1 to 7.8(3) and 8.00 per

unit cell, respectively.
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Figure 3.1 (a) 5Li MAS spectrum of Li3AlS3 obtained at magnetic fields of 9.4
T (black) and 20 T (blue). The experimental spectrum (full lines), total fit
(dashed lines) spectral deconvolution (dotted lines), LisAlS4 impurity (red
dotted lines), and GIPAW-simulated spectrum (green lines) are shown. (b) ?’Al
MQMAS NMR spectrum of LizAlSs recorded at a magnetic field of 9.4 T and
20 T. The dotted lines (black for a field of 9.4 T and blue for 20 T) and the red
dotted lines represent the spectral deconvolution of LisAlSs and LisAlSa,
respectively. The dashed lines show the total fit for the sample, and the solid
lines show the anisotropic one-dimensional 2’Al spectrum, while the vertical
spectrum shows the non-quantitative isotropic 2’Al spectrum. The solid green
line shows the GIPAW-simulated spectrum with an isotropic chemical shift of
117 ppm, a quadrupolar coupling constant of 5.1 MHz and an asymmetry

parameter of 0.44 (Table 3.1).
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Figure 3.2 (a) °Li MAS NMR spectra of LisAlS3 and LisAlS4 recorded at a
magnetic field of 9.4 T and under MAS at 10 kHz demonstrating the correlation
between the resonance observed in the spectral deconvolution of LizAlS3 and
the signal in in the spectrum of pure LisAlS4. (b) 2’Al MAS NMR spectra of
LisAlSs and LisAlS4 obtained at a magnetic field of 9.4 T and under MAS at
10 kHz demonstrating the correlation between the 2’Al shift observed at
approximately 130 ppm in the spectrum of LizAlS3 with the only resonance

observed in the spectrum of LisAlS4.
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The ?’Al one-dimensional MAS spectra for LisAlS3 at 9.4 and 20 T are shown
in Figure 3.2(b) and reveal a second order quadrupolar line shape that
resonates at ~100 ppm (at 9.4 T) and ~120 ppm (at 20 T), typical of
tetrahedrally coordinated Al sites, and a very sharp signal, which is field-
independent, at ~130 ppm, corresponding to the small amount of LisAlS4
impurity (Figure 3.2(b)). Note that no signal in the octahedral region (around
0 ppm) of the 2’Al MAS NMR spectrum is present as expected. The z-filtered
triple quantum MAS#345 NMR spectrum of Li3AlS3 is also shown in Figure
3.1(b) and demonstrates that the ~100 ppm signal corresponds to one
resonance only with an isotropic chemical shift of 117 ppm and a quadrupolar
coupling constant (Ca) of 5.8 MHz in close agreement with the computed value

of 5.1 MHz (Table 3.1).

3.5.2 Calculation and conversion of NMR parameters

For comparison with experiment, NMR parameters were calculated for the
experimentally refined crystal structure of LisAlS3s considering occupancy of the
high symmetry sites for Li2 and Li3 atoms instead of the split sites due the
results found in phonon calculation stated above. For this model, both sites
are in the 4e Wyckoff position along the two fold axis. Following geometry
optimisation in VASP, the geometry was optimised again using GIPAW4243 in
CASTEP** with the same parameters as VASP, except for a higher plane wave
cut-off of 800 eV. On-the-fly generated pseudopotentials were used to treat
core electrons in CASTEP. NMR parameters were then calculated using the

GIPAW method as implemented in CASTEP. The method used for conversion
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of the chemical shieldings to the calculated isotropic chemical shifts is

presented in the supplementary information.

Conversion of the chemical shieldings, ciso, directly obtained from the
calculations, to the isotropic chemical shifts, disocs, is obtained with the

expression:*3
8iso,cs = Ojso,ref T Myef Ojso (Eq 31)

where mref and cisoret are a gradient close to -1 and a reference shielding,
respectively. For 6Li, mrer and oiso,ref Were taken from our own calculations of
Li2O, LiOH and Li2CO3 and compared with shifts from the literature*® yielding
Oisoref = 89.6 ppm and mref = - 0.961. For 27Al, cisoref = 555.4 ppm, Mref = -

0.996 were taken from the literature.*”

It is well known that for quadrupolar nuclei (such as SLi and 2’Al), the NMR
shift & (or centre of gravity of the line) is shifted from Jiso,cs by the quadrupolar

induced shift 8iso.q according to:4®
6= 8iSO,CS + 8iSO,Q (Eq 32)

with

3 C3(1(1+1) -3 2
3 C(Ia+1)=%/y) 1+

= 6 Eq. 3.3
Bis0Q = T30 V22 (21 — 1)2 ( 3)10 (Eq.3.3)

where Caq, na, vo, and | are the quadrupolar coupling constant, asymmetry
parameter, Larmor frequency and the nuclear spin quantum number,

respectively. For SLi and other spin 1 nuclei equation 3.3 becomes:
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3 C§ ¢
S50, = _ﬁé@ + ?Q> 10° (Eq. 3.4)

For 2Al and other spin 5/2 nuclei equation 3.3 takes the form of:

3 C3 n&
Sis0q = —%ﬁ@ + ?Q> 106 (Eq. 3.5)

All experimentally determined and computed NMR parameters for LisAlS3 are

given in Table .

3.5.3 Calculation of isotropic chemical shift for 2’Al

MQMAS

The experimental isotropic chemical shift for the ?’Al resonance can be

extracted from the measurements using the following equation:

10 17
Siso,cs = ﬁ{)}?;s + ﬁ&?{’s (Eq. 3.6)

where 820S and 890 are the observed chemical shifts in the anisotropic

(horizontal F2) and isotopic (vertical F1) dimensions, respectively from the 27Al

MQMAS NMR spectrum of LisAlSs (Figure 3.1(b)).

The calculations predict a resonance at 1.5 ppm linked to Li3, a resonance at
1.7 ppm associated with Li2 and two resonances at 3.1 and 3.5 ppm each with

double the intensity (4 times Li1 and 4 times Li4).
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Table 3.1 Summary of the NMR parameters for LizAlS3 obtained
experimentally (in bold at 9.4 T and bold italics at 20 T) and calculated (in plain
text at 9.4 T and italics at 20 T) using the GIPAW method as implemented in
CASTEP. The experimental 2’Al Sisocs, Ca and na values were extracted from
fits of the 2’Al MQMAS and MAS spectra. The iso,q Values were obtained as

described above.

8iso,Q Siso,Q
Coor

Giso Sisocs  1Cal at9.4 at20
Environment  dinati o/ ppm na
on / ppm / ppm [ kHz T/ T/
ppm  ppm
_ 89.6 3.1/34 3.5 124 0.2 -04 -0.09
Li1 Vi
1.711.7
. 87.8 1.5/1.7 1.7 72 03 -02 -0.03
Li2 \Y,
-0.2/-0.2
_ 87.6 14/1.5 1.5 8 06 -01 -0.05
Li3 \Y,
-0.2/-0.2
89.2 26/3.0 3.1 133 01 -05 -0.11
Li4 Vi
1.2/1.1
4228 119/131 134 5125 04 -15 -3
Al \Y,

95/111 116 5850 0.6 -21 -5

The structure of LizAlS3' consists of a hcp arrangement of sulphur atoms with
an A B A* B* stacking of anion layers, giving rise to the four layer repeat
(Figure 3.3(a) (i)) where B is the equivalent of A through the ¢ glide plane and
2-fold axis symmetry operations. A* and B* are the equivalent of A and B
through the C centering translation. The two different polyhedral layers are
stacked alternately perpendicular to the bc plane (Figure 3.3(a)). In the

tetrahedral layers (between A and B and between A* and B*), Li1 and Al atoms
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occupy 2/3 of the tetrahedral interstices between a pair of sulphur atom layers
to form edge sharing tetrahedra. Between the second pairs of sulphur layers
(between B and A* and between B* and A), Li2 and Li3 occupy octahedral
interstices, whereas Li4 occupies a tetrahedral interstice, generating a mixed
polyhedral (octahedral-tetrahedral) layer (Li-only layer). In the tetrahedral
layer, Al, Li1 and vacancies are ordered in a 1:1:1 arrangement, and 2/3 of the
octahedral interstices are occupied in the Li-only layer, resulting in edge
sharing Li2 and Li3 octahedra, so that this structure presents a high proportion

of ordered vacancies in both the tetrahedral and Li-only layer.

Li;AlS,

Figure 3.3 Crystal structures of LisAlSs showing the hcp arrangement of
sulphur atoms, and the alternating mixed cation polyhedral layer and Li-only
layer stacked perpendicular to the (bc) plane. (a) Layered view, (b) Li only
polyhedral layer and (c) mixed cation tetrahedral layer in the (bc) plane. The
A B A* B* stacking of anion layers leads to a 4 layer repeat (A* and B* being
the equivalent of A and B through the C centering translation). Blue, orange
and red polyhedra correspond to Al tetrahedra, Li tetrahedra and Li octahedra,
respectively. Grey polyhedra correspond to Li tetrahedra from the mixed cation

tetrahedral layer in LisAlS3
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Multinuclear 5Li and %Al NMR spectra were recorded to further support the
structural refinement of Lis.3AlS3.3Clo.7. The 6Li MAS NMR spectrum (Figure
3.4(a)) displays an intense resonance at 1 ppm assigned to tetrahedral and
octahedral sites from the Lis.3AlS3.3Clo.7 phase and a small peak at ~-0.3 ppm,
which could potentially be attributed to small amounts of octahedral lithium
sites from the ordered Li3AlS3 phase.! A smaller peak at —=1.1 ppm is also
visible and corresponds to solid LiCI*° (observed in XRD). The main signal is
narrow (50 Hz) at room temperature and suggests the presence of a motionally
averaged NMR signal arising from fast Li+ hops and preventing the spectral
resolution of Li sites with various coordination numbers. The 2’Al MAS NMR
spectrum (Figure 3.4(b)) shows the presence of two asymmetrically
broadened and overlapping peaks around 125 ppm which are assigned to Al
tetrahedra based on the shift value (note that the quadrupolar induced shift*2
is likely smaller than 5 ppm at this magnetic field). Less intense resonances at
70 and 16 ppm (Figure 3.5) are assigned to a small amount of more highly
coordinated Al. Most importantly, the second-order quadrupolar line shape
observed for an AlS4 tetrahedron in the parent LisAIS3' is not observed and
further supports that Lis.3AIS3.3Clo.7 cannot be described by distinct AlCl4 and
AlSs tetrahedra but by a random distribution of the S and Cl atoms. The
asymmetrically broadened lines arise from second-order quadrupolar
interaction coming from deviation from the perfect tetrahedral site symmetry
while the low frequency tail is cause by a distribution of quadrupolar couplings
stemming from local structural disorder. An attempt to resolve the main

resonances using a 2’Al MQMAS NMR experiment only yields the typical 2D

136



line shape from distribution of quadrupolar couplings, and no improvement in

the resolution of the corresponding 2’Al isotropic spectrum is observed.

(@) (b) N\

140 130 120
27Al isotropic shift /ppm

160 140 120 100 80
®Li shift /ppm 27Al shift /ppm

Figure 3.4 (a) 5Li MAS spectrum of Lis.3AIS3.3Clo.7. The experimental spectrum
(full line), total fit (dashed line), and spectral deconvolution (dotted lines) are
also shown. (b) 27”Al MQMAS spectrum of Li4.3AIS3.3Clo.7. The spectrum on the

top is the 27Al MAS NMR spectrum, while the one on the left is the isotropic 27Al

spectrum free of anisotropic broadening.

N

1000 500 0 - 500 - 1000
Z7Al shift /ppm

Figure 3.5 One-dimensional Al MAS NMR spectrum of Lis.3AIS33Clo.7

obtained at a magnetic field of 20 T and under MAS at 20 kHz showing the full

spectral width.
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The substitution of Cl onto the hcp sulphur sites in LisAlSs gives the new
Li4.3AIS3.3Clo.7? phase (Figure 3.6), which retains the hcp arrangement of
LisAlSs, as well as the alternating tetrahedral and Li-only layer, while leading
to a strong cation site disorder within the polyhedral interstices, so that LisAlS3
is a superstructure of Lis.3AlS3.3Clo.7. In the latter, the anion stacking motif is A
B with only a two layer repeat. Within the tetrahedral layer, lithium (Li1, site
occupancy factor: sof.it= 0.50(1)) and aluminium (sofa = 0.25) are disordered
among all the tetrahedral interstices. Within the Li-only layer, lithium and
vacancies are disordered among all the octahedral (Li3, sof.i3=0.644(2)) and
tetrahedral (Li2, sofLi2=0.260(2)) sites. Li1/Al and Li2 tetrahedra of the adjacent
layer share a common base and form a polyhedral unit which can only host
one cation. Indeed, the small hypothetical interatomic distances dai-Liz =
1.543(13) A and duit-Liz = 1.274(14) A) renders the occupation of both the
Li1/Al and Li2 sites of the same unit very unlikely. A summary of the various Li

interatomic distances is available in Table 3.2.
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Lis 3AIS; 5Clg 7

Figure 3.6 Crystal structures of Lis3AIS33Clo7z showing the similar hcp
arrangement of sulphur atoms to LisAlSs, and the alternating mixed cation
polyhedral layer and Li-only layer stacked perpendicular to the (ab) plane. (a)
Layered view, (b) Li only polyhedral layer and (c) mixed cation tetrahedral layer
in the (ab) plane. In LisAlSs3, the A B A* B* stacking of anion layers leads to a
4 layer repeat (A* and B* being the equivalent of A and B through the C
centering translation). In Lis.3AlS3.3Clo.7, only a two layer repeat is occurring
with an A B stacking of the anion layers. Orange and red polyhedra correspond
to Al tetrahedra, Li tetrahedra and Li octahedra, respectively. Grey polyhedra

correspond to mixed Al/Li occupied tetrahedra in Lis.3AIS3.3Clo.7.

139



Table 3.2 Summary of the shortest interatomic distances between the
various crystallographic Li sites in LisAlS3 and Lis.3AIS33Clo.7 extracted from
diffraction data.’? Note the labelling of the Li sites varies between the two
materials, with Li2 referring to octahedral Li in LisAlSs, while Li2 corresponds

to tetrahedral Li in Lis.3AIS3.3Clo.7.

Interatomic distance / A

Sample
Li1-Li2 Li1-Li3 Li1-Li4 Li2-Li3  Li2-Li4 Li3-Li4

LisAIS3 4.07(13) 3.12(3) 3.322(13) 3.3(3) 4.49(8) 2.83(3)

Lis3AlS3.3Clo.7  1.274(14) 3.074(4) N/A 2.406(5) N/A N/A

3.5.4 Static 'Li VT line narrowing NMR

Static ’Li NMR spectra of LizAlS3 and Lis.3AIS3.3Clo.7 were collected in the 130-
450 K temperature range (Figure 3.7) to provide information on the Li-ion
dynamics on the kHz timescale. At low temperatures (<250 K and <200 K for
LisAlISs and Lis3AIS33Clo.7, respectively), the lineshape of the 1/2 < -
1/2 central transition strongly suggests that the linewidth is dominated by the
strong “Li - ’Li homonuclear dipolar broadening of the “Li spins with a static "Li
NMR linewidth /2n at half-height of ~6.7 kHz for LisAlSs and ~7.0 kHz for
Lia.3AlS3.3Clo.7. This broadening is significant given that it is proportional to the
square of the gyromagnetic ratio y of the nuclear spins which is large for ’Li
(y("Li) = 16.5 MHz T-"). At these low temperatures, the materials reside in the
so-called rigid lattice regime and the corresponding Li* ion t' values are
smaller than o/2n. As the sample temperature is increased, the central

transition linewidths of both phases significantly decrease at the onset
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temperatures Tonset Of motional narrowing, which occur at around 270 K and
220 K for LisAlSs and Lis.3AIS3.3Clo.7, respectively (Figure 3.8). This narrowing
effect arises from the continuous averaging of the Li - ‘Li homonuclear dipolar
coupling due to the increasing motion of the Li* ions at frequencies larger than
o/2n. Importantly, the significantly lower Tonset Observed for Lis.3AlS3.3Clo.7 vs.
LisAlSs indicates higher Li* ion mobility in the former phase, supporting the
previously reported results obtained via EIS'? where room temperature
conductivity values in the order of 10 and 10° S cm™! were extracted for the

respective samples.
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Figure 3.7 Static Li one pulse NMR spectra of (a) LisAlSs and (b)
Li4.3AlS3.3Clo.7 as a function of temperature. The pink line displays a simulation
of the static ’Li NMR spectrum of Lis.3AIS3.3Clo.7 at 450 K using a single set of
parameters describing the quadrupolar powder pattern for a spin 3/2 nucleus

with a shift 6 of 0 ppm, a quadrupolar coupling constant Cq of 30 kHz and a

quadrupolar asymmetry na of 0.1.
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Figure 3.8 Representative static “Li one pulse NMR spectra of (a) LizAlS3 and
(b) Lis.3AIS3.3Clo.7 illustrating the broad and motionally narrowed components
of the NMR lineshape associated with Li-ion diffusion. The experimental
spectra (solid lines), total fit (dashed lines) and spectral deconvolution (dotted
lines) are shown. (c) Temperature dependence of “Li NMR linewidth o(T)/2x
of LisAlS3 (black) and Lis.3AlS3.3Clo.7 (green). In LisAlSs, the empty and filled
squares represent the broad and narrow components of the lineshape
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observed in (a), respectively, while circles for Lis.3AlS3.3Clo.7 correspond to the
total lineshape in (b). The onset temperatures of line narrowing Tonset are given
with double length ticks on the upper vertical axis, with dashed lines showing
the tangents of curve used to extract Tonset. The solid black and green lines are
fit to the data based on the sigmoidal regression given in equation 3.8 and

are used to determine the inflection points of the respective curves.

Further sample heating above room temperature yields significantly narrower
lines with w/2n on the order of 750 Hz and a multicomponent lineshape for
LisAlS3 (see below). This corresponds to ! >> w/2r in the static regime, with
’Li - "Li homonuclear dipolar coupling (fast motional regime) that are largely
averaged out and residual linewidth is mainly governed by non-homonuclear
dipolar interactions and inhomogeneities of the external magnetic field Bo.>°
The 7Li NMR spectrum of Lis3AIS33Clo7 at 450 K displays the typical
quadrupolar powder pattern of this spin | = 3/2 nucleus with a quadrupolar
tensor in (or close to) axial symmetry, consisting of a central transition at O
ppm and quadrupolar satellite transitions at approximately + 50 ppm
corresponding to a quadrupolar coupling constant Ca of ~30 kHz (Figure
3.7(b)). The axial symmetry suggests Li* ions exchange between axially
symmetric sites of similar orientation, or between sites with different
orientations averaging out two of the three components of the quadrupolar
tensors. Accessing these orientations is beyond the scope of the work as this
would require significant computational work®! capturing the complex site

disorder of Lis.3AlS3.3Clo.7.

Close inspection of the “Li NMR spectra for Li3AlS3 between 315 and 435 K
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(Figure 3.8(a)) for representative spectra in the middle of this temperature
range) clearly reveal two contributions to the lineshape. This consists of a
motionally narrowed line, corresponding to highly mobile Li* ions (1 < w/2r),
superimposed on a much broader one for slower moving ions (! > w/2r). The
two components display significantly different Ca values of 58 and 15 kHz for
the broad and narrow components, respectively (Figure 3.9). It is postulated
that this two-component NMR lineshape arises from ions moving along the
faster diffusion pathways present in the layered structure (see below). At 315
K, approximately 12% of the Li-ions present are mobile, with this percentage
increasing as a function of temperature (Figure 3.10). This two-component
lineshape is not observed in the “Li NMR spectra of Lis.3AIS33Clo.7 (Figure
3.8(b)) which is ascribed to the improved mobility of the Li* species facilitated
by the presence of more favourable ion mobility pathways due to the
introduction of disordered vacancies. In order to confirm the presence of two
superimposed quadrupolar lineshapes in the 'Li NMR spectra of LisAlSs,
double- and ftriple-quantum filtration and Hahn-echo experiments were
performed (Figure 3.11). In the double-quantum filtered spectrum, the central
transition is suppressed while the quadrupolar satellites associated with
transitions between the +3/2 <-> +1/2 energy levels have opposite phase to
one another. In Figure 3.11(a), the presence of two sets of satellite peaks with
inverted phase can be seen. In the triple-quantum filtered spectrum, the central
transition remains while the quadrupolar satellites have inverted phase. The
triple-quantum filtered spectrum in Figure 3.11(b) displays two sets of satellite
transitions with opposite phase to the central transition, with corresponding Ca

values matching well the ones obtained from the static ’Li one pulse spectra
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obtained at VT (Figure 3.9). Two static ’Li NMR Hahn-echo experiments with
different echo delays (Figure 3.11(c)) reveal efficient T2 filtering to observe a
lineshape dominated by a broad component at short dephasing time which is

then largely removed at longer dephasing time where the narrower component

is isolated.
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Li shift / ppm

Figure 3.9 Static 'Li one pulse NMR spectra of LisAlSs at selected

temperatures demonstrating how the two components of the lineshape vary
as a function of temperature. Experimental spectra (full black line), total fit
(dashed black line) and spectral deconvolution for the broad (blue dotted line)

and narrow (red dotted line) are shown.
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Figure 3.10 Percentage of mobile ions present in LisAlS3 as a function of
temperature. The percentage of mobile ions was taken as the contribution from

the narrow component to the overall integration of the static “Li resonance.
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Figure 3.11 7Li NMR spectra of LisAlSs recorded at 9.4 T under static
conditions. (a) Double-quantum filtered (DQF)?%:39-3* spectrum at 365 K, where
the central transition is supressed and the quadrupolar satellite transitions
associated with the * 3/2 <-> £ 1/2 transitions have opposite phase. (b) Triple-
quantum filtered (TQF) spectrum at 365 K in which the quadrupolar satellites
have inverted phase. The coloured dashed lines highlight the satellite
transitions associated with the broad component (blue) and narrow component

(red), respectively. (c) Hahn-echo pulse sequence at room temperature with
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two different dephasing delays (9 and 90 ps in the blue and red specitra,
respectively), allowing for the observation of the two separate components.
The ’Li one pulse spectra at the corresponding temperatures are also shown,
where in panel (c) the experimental spectrum (full black lines), total fit (dashed
black lines) and spectral deconvolution of the broad component (blue dotted

line) and narrow component (red dotted line) are given.

Using a simple expression introduced by Waugh and Fedin®? correlating Tonset

to Ea of the diffusion process:

E, =167 X 1073 T, cet (Eq. 3.7)

approximate Ea values of 0.5 and 0.4 eV were estimated for LisAlSs and
Lia.3AlIS3.3Clo.7, respectively, suggesting more favourable local Li* ion mobility
in Li4.3AlS3.3Clo.7 than in the non-doped parent material as previously indicated.
Moreover, the inflection points of the line narrowing curves Tinflection (Figure
3.8(c)) define the Li* t', which is of the order of (w/2n)q (linewidth in the rigid
lattice regime), and yield comparable values of ~4.2(3) x 10* s for LizAlS3 and
~4.4(4) x 10* s" for Lis.3AIS3.3Clo.7. Tinflection Values were determined from fitting
the w/2n data in Figure 3.8(c) to a Boltzmann sigmoid regression curve of the

form:

om [ (). (), L
2m 1+ exp (_Tinflection — T) ( g. 9. )
a

where o(T)/2n is the linewidth of the central transition at temperature T, (©w/21)-

is the residual linewidth at high temperature in the fast motional regime and a
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is a fitting parameter. Importantly, the lower Tinflection value obtained for
Li4.3AlS3.3Clo.7 (276(6) K) than for LizAlS3 (371(9) K) clearly indicates a faster

Li* ion diffusion process in the former phase.

3.5.55Li MAS NMR

Figure 3.12 compares the room temperature 6Li MAS NMR spectra of Li3AlS3'
and Lis3AIS3.3Clo.7.2 LisAlS3 displays resonances at -0.2 ppm attributed to
octahedrally coordinated Li2 and Li3 sites, 1.3 ppm for tetrahedral Li4 and 1.7
ppm corresponding to tetrahedral Li1," while Lis.3AlS3.3Clo.7 shows an intense
resonance at 1 ppm and a smaller peak at ~-0.3 ppm assigned to the
tetrahedral Li1/Li2 and octahedral Li3 sites, respectively? (a smaller peak at -
1.1 ppm is also visible and corresponds to residual solid LiCl).*° In
Li4.3AlS3.3Clo.7, the main signal at 1 ppm is narrow, with a peak width at half-
height of w/2n = 50 Hz at room temperature, and suggests the presence of
a motionally averaged NMR signal arising from fast Li* hops between the two
tetrahedral Li sites. This is not observed in the 6Li MAS spectrum of LizAlSs3 as
Li-ion exchange between non-equivalent Li1-Li4 sites are comparatively slow
on the NMR timescale. Reduced motional averaging from decreasing the Li*
ion mobility at 230 K revealed three different Li sites at 1.4, 0.9 and -0.55 ppm
in Lis.3AIS3.3Clo.7 (Figure 3.12(c)). These are assigned to tetrahedral Li2 in the
Li only layer (Figure 3.6(b)), tetrahedral Li1 in the Li/Al tetrahedral layer and
octahedral Li3 in the Li only polyhedral layer, respectively, based on the semi-
empirical correlation between lithium coordination environment and 6Li NMR
shift.*! The higher resonance frequency of Li2 than Li1 arises from the large

degree of bond length distortion present at Li1 (3 x 2.392(4) A, 2.615(6) A and
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3.625(6) A), which can be considered pseudo trigonal-bipyramidal as the Li
positions are strongly displaced towards one face of the tetrahedron' and lead
to a greater degree of chemical shielding for Li1. Note that the assignment of
the tetrahedral sites in Lis.3AlS3.3Clo.7 is the inverse of the spectral assignments
in LisAlS3 and this is due to the added polyhedral distortion of the Li1 position
in the former, compared with the more tetrahedral Li1 in the latter. Note also
that the signal intensity of the Li3 site seems to differ from the site occupancy
refined against neutron powder diffraction data? as at 230 K, the 6Li MAS NMR
spectrum is in the intermediate motional regime where there is a strong

interplay between signal intensity and broadening (see below).

The relative rates of site exchange occurring in Lis.3AlS3.3Clo.7 can be
qualitatively determined from the comparison of °Li MAS spectra obtained at
two different temperatures (Figure 3.12(b,c)). While at 230 K, three
resonances can be observed and upon heating to room temperature, the Li1
and Li2 resonances have completely coalesced at a weighted shift average of
1 ppm. The following expression relating the frequency separation between

resonances Aw/2n with the ion jump rate '

1= A2 (Eq. 3.9)
2v/2 A

yields a Li* ion exchange rate on the timescale of v > 66 s (i.e., (1.4-0.9)

ppm x 59 - 108 x 1t/+/2) occurring between Li1 and Li2. Additionally, the intensity
of the resonance associated with Li3 has decreased at room temperature and
indicates that some exchange is occurring between this octahedrally

coordinated Li3 and the two tetrahedral Li1/Li2 sites at a rate of <203 s (i.e.,
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(1.0-(-0.55)) ppm x 59 - 106 x 71/y/2).

(a) Li1

——-

Li, ,AIS, CI

33707

294 K

_________

Li, AIS, CI

33T 07

6 4 2 0 2 4
5Li shift / ppm

Figure 3.126Li MAS one pulse NMR spectra collected at 9.4 T and o/2r = 10
kHz of (a) LisAlS3 at 294 K, and Lis.3AlS3.3Clo.7 at (b) 294 K and (c) 230 K. The
experimental spectra (full lines), total fit (dashed lines), spectral deconvolution
of each Li1/Li2/Li3/Li4 signal (dotted lines), impurities LisAlS4 in LisAlS3 and
solid LiCl in Lis.3AlS3.3Clo.7 as observed in the powder X-ray diffraction patterns
(pink dotted line) and spectral assignments are shown. Room temperature
data at 20 T for both phases are shown in Figure 3.13 and have the same

resolution.
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Figure 3.13 Room temperature SLi MAS one pulse NMR spectra collected at

20 T and or/21 = 20 kHz of (a) LisAlS3 and (b) Lis.3AIS3.3Clo.7. The experimental
spectra (full lines), total fit (dashed lines), spectral deconvolution of each
Li1/Li2/Li3/Li4 signals (dotted lines), impurities (LisAlS4*° in LisAlS3 and solid
LiCI*% in Lis.3AIS3.3Clo.7 as per the powder X-ray-diffraction patterns in Figure

3.15, pink dotted lines) and spectral assignments are shown.

The room temperature SLi MAS spectra of the parent material reveals that the
exchange between tetrahedral Li4 and octahedral Li2/3 in the mixed
polyhedral layer is < 197 s (i.e., (1.3-(-0.2)) ppm x 59 - 108 x 7/+/2) while
exchange between tetrahedral Li1 and Li4 is < 52 s (i.e., (1.7-1.3) ppm x 59 -
10° x n/+/2). The upper bound of this exchange rate is lower compared to the
ones in the halide substituted analogue at low temperatures and highlights
increased mobility of ions exchanging between the two distinct layers in

Li4.3AIS3.3Clo.7. Figure 3.14 provides a summary of the various ! extracted
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and visualizes the interlayer Li-ion migration pathway superposed on to

schematics of the crystal structures.
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(@)

©'=4.0(2)s" at 333(7) K

= 7.8(6) x 10° s at 294 K
Ea = 0.52(8) eV

(b)

1= 7.3(6) x 107 s at 294 K
Ea = 0.33(5) eV

Figure 3.14 Visualization of the interlayer Li-ion migration pathway for (a)
LisAlSs and (b) Lis3AlS3.3Clo.7 showing a schematic of the polyhedral
arrangement of both phases as well as the ' values associated with the
corresponding Li-ion jumps. These values are obtained from the
magnetization build up of the 2D SLi-8Li EXSY spectra (Figure 3.16) and line
shape analysis of the variable temperature one pulse 6Li NMR spectra (Figure
3.12) for LisAlSs and Lis3AlS33Clo7, respectively. Coloured spheres
correspond to tetrahedral Li in the tetrahedral layer (grey), octahedral Li (red)
and tetrahedral Li in the mixed polyhedral layer (orange), respectively. 1’
values underneath the schematics are derived from the linear fits to the data
points in Figure 3.24 and correspond to average jump rate values across the

entire sample. Activation energies quoted are taken from the linear fit of the
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high temperature data in Figure 3.22.

3.5.6 5Li-°Li EXSY NMR

Further insights into this pathway in LisAlSs were obtained from homonuclear
6Li - SLi 2D EXSY spectra of 6Li-enriched LisAlIS3 (XRD patterns shown in
Figure 3.15) as a function of mixing time tm (Figure 3.16(a-c)) which exploit
the high spectral resolution of the one-dimensional 6Li MAS spectrum of this
phase. Exchange is observed experimentally in the form of off-diagonal cross
peaks in the 2D EXSY spectra at the corresponding shifts and start to emerge
at around tm = 30 ms (Figure 3.16(b)) between all the sites of 6Li enriched
LisAlSs. These cross peaks arise from either chemical exchange or spin
diffusion from 6Li - 6Li homonuclear coupling (as the sample is 95% SLi
enriched) at a rate that is governed by the rate of exchange occurring during
tm (Figure 3.17). Site specific Li-ion correlation rates tc' (and jump rates ™)
can be extracted by fitting the relative intensities of diagonal (l4) and cross

peaks (Ic) as a function of tm to the following expression:23

|
Z=1—exp (T—m> (Eq. 3.10)
Id Tec

as shown in Figure 3.16(d-f) with the extracted Li* v values summarised in
Table 3.3. Chemical exchange and spin diffusion processes can be
differentiated by performing EXSY experiments at different MAS rates since
faster MAS averages dipole-dipole interactions more efficiently and hence
reduces spin diffusion. Faster cross peak build up rates are observed for Li2/3-

Li4 and Li4-Li1 when increasing the MAS rate from 15 to 45 kHz (Figures 3.16
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and 3.18, Table 3.3), which rules out spin diffusion in favour of supporting
chemical exchange and jumps between the magnetically inequivalent sites
(note that the increased rates of cross peak build up are likely due to
temperature increase from frictional heating). However, the opposite trend is
observed for the Li1-Li2/3 cross peaks (i.e., slower rate at a faster MAS
frequency) and is evidence for spin-diffusion between these two sites. This is
unsurprising as in order for Li-ions to exchange between these two sites a 3-
step jump process is required along the Li1-tetrahedral vacancy-Li4-Li2/3
pathway, which would be less favoured than dipolar coupling driven spin

diffusion between Li1 and Li2/3 (Figure 3.14).

L AIS. L
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\"ALA.——LJ 6Li3A|83
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20/°

Intensity /a.u.

Figure 3.15 Laboratory XRD patterns of 6Li enriched samples °Li3AIS3 (red
line) and ®Lis.3AIS33Clo.7 (blue line) obtained with A = 1.5406 A. The phases
contain small amounts of impurities: LisAlSs for LisAlSs (*) and LiCl for

Lia.3AIS3.3Clo.7 (*).
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Figure 3.16 2D 6Li-5Li EXSY NMR spectra of 6Li enriched Li3AlS3 recorded at
or/2n = 45 kHz and mixing times tm of (a) 0, (b) 0.03, and (c) 4 s with diagonal
and cross peaks shown in black and blue, respectively. The solid black lines
outline the position of the diagonal. 2D 6Li-6Li EXSY NMR spectra of SLi
enriched Lis3AlS3.3Clo.7 are available in Figure 3.19. (d-f) plots of the cross
peak build up curves at o/2n = 45 kHz. The solid lines show the accompanying
fits to equation 3.10, where |c and lq are the intensities of the observed cross

and diagonal peaks, respectively.
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Figure 3.17 Intensity of the diagonal and cross-peaks in the Li-SLi EXSY NMR

spectra of LisAlSs at o/2n = 45 kHz as a function of the mixing time tm. The

columns and rows are labelled on the left and the top according to the different

resonances.
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Figure 3.18 Plots of the ratio of the cross-peaks (Ic) vs. diagonal intensities
(Id) in the BLi-Li EXSY NMR spectra of LisAlS3 at MAS frequencies wr/2n = 15
(left) and 45 kHz (right) as a function of tm. The solid lines correspond to fits

of the data according to equation 3.10.
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Table 3.3 Site specific Li-ion jump rates t' for LisAlIS3 extracted from SLi-SLi

EXSY data at two different MAS frequencies.

/st
of2n/kHz  T/K

Li1-Li2/3 Li2/3-Li4 Li4-Li1
15 309(5) 4.4(4) 5.2(6) 3.0(2)
45 333(7) 2.6(4) 7(1) 4.0(7)

The extracted 1! values clearly show the highest ion migration rates for
inequivalent site exchange between Li2/3 and Li4 (dii-Li4 = 4.49(8) A, dvLis-Li4 =
2.83(3) A), which correspond to Li* mobility between the tetrahedral and
octahedral sites in the mixed polyhedral layer occurring through a shared face.
Note that due to the lack of resolution between Li2 and Li3 it is not possible to
quantify the ion migration between these two octahedral sites in the mixed
polyhedral layer that form chains running along the c-axis. Exchange also
exists between the tetrahedral Li4 and Li1 (dui-Lis = 3.322(13) A) in mixed
polyhedral and tetrahedral layers, respectively, and occurs via a mutually

shared face of a vacant tetrahedral site.

The lack of resolution observed in the room temperature 6Li MAS spectrum of
Lis.3AlS3.3Clo.7 between Li1 and Li2 sites due to motional averaging, coupled
with the low intensity of the Li3 resonance discussed above, prevents access
to v values from the 2D EXSY spectra. Nevertheless, these data provide
supporting evidence for the assignment of the one-dimensional 6Li MAS

spectrum as cross peaks can be observed between the motionally averaged
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Li1/L2 site at ~1 ppm and the octahedral Li3 site at ~ -0.3 ppm (Figure 3.19).
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Figure 3.19 Examples of ©Li-’Li EXSY NMR spectra of °Li enriched

Li4.3AlS3.3Clo.7 recorded at /2% = 45 kHz and tm of O (top) and 0.5 s (bottom)

with diagonal and cross peaks shown in black and blue, respectively.
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3.5.7 "Li relaxometry

SLR rate constants in the laboratory frame T4 and the rotating frame T1,
were also obtained to provide further information on Li* dynamics on the MHz
and kHz frequency scales, respectively. Relaxation is dependent on the
random fluctuation of local magnetic fields caused by the motion of atoms or
functional groups. These microscopic fluctuating fields are captured by the
time-dependent correlation function G(t) that contains quantitative information
on the diffusion process. 1c describes the timescale of these fluctuations and,
in the Bloembergen-Purcell-Pound (BPP) theory, the increased mobility of “Li
nuclei with increasing temperatures is the primary factor affecting the
reorientation of the local magnetic fields, the correlation function decays

exponentially and follows the equation:

G(t) = G(0)exp <— 'Ti'> (Eq. 3.11)

C

where G(0) is the value of the correlation function at time t = 0, and is equal to
the mean square of the local magnetic fields. Fourier transformation of G(t)

gives the spectral density function J(mo) which quantifies the motion at the

Larmor frequency o:%354

2T,
J(wo) = G(0) (—) (Eq. 3.12)

1+ wit?

where, in this work, changes in tc are solely induced by the diffusion and
motion of the spins as the increased mobility of “Li nuclei with increasing

temperature is the primary factor affecting the reorientation of the local
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magnetic fields and hence temperature dependent and follow an Arrhenius

relation of the type:

E
T = T gexp <— k;l‘) (Eq. 3.13)

where tc0™! is the Arrhenius pre-exponential factor, T is the temperature and
ks is the Boltzmann constant. The temperature dependence of the ’Li SLR rate
constants under static conditions were collected and exploited to access the

activation energy, conductivity and dimensionality of the Li diffusion processes.

In the case of Li3AlS3, the SLR T+ build up rate was best fitted to a bi-
exponential function (Figure 3.20) with slow and fast relaxing components
T1slow and T1rast, respectively. There are two possible explanations for this
behaviour. Firstly, quadrupolar nuclei with spin 3/2 such as ’Li will inherently
relax bi-exponentially with a theoretical percentage contribution of 80% and
20% for the fast (satellite transition) and slow (central transition) relaxing
contributions,3?-34 respectively. Therefore, it is possible that the superimposed
lineshapes observed in the static ‘Li VT NMR (Figure 3.8(a)) may be due to
quadrupolar satellite transitions. However, if this was the case the percentage
contributions of T1siow and T1fast would be expected to remain fairly constant
with temperature. In the case of LisAlS3, the percentage contribution is 40%
and 60% for T1,slow and T1 fast, respectively, with the percentage contribution of
T1.slow increasing to 50% as temperature increases. The second possibility is
the presence of two batches of Li-ions with differing tc values, giving rise to
two differing values of T1. This explanation is supported by the two
superimposed ’Li lineshapes mentioned previously, as the double- and triple-
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quantum filtration and Hahn-echo experiments (Figure 3.11) display two sets
of quadrupolar satellite transitions, arising from the two differing batches of Li-
ions. Therefore, we attribute the bi-exponentiality in LisAlS3 to the presence of
at least two batches of differing Li-ions, which are governed by the same
relaxation process but with differing values of tc. In the case of Lis.3AIS3.3Clo.7,
the T+1 build up was a mono-exponential as evidenced by the high stretch
exponential factors o of around 0.9. Upon heating from room temperature to
490 K, the SLR T+ rate constants for Li3AlS3 increase from 0.22(3) to 9.4(6)
s and from 1.0(3) to 28(3) s for the slow and fast relaxing components,
respectively, while heating Lis.3AIS3.3Clo.7 from 250 to 505 K results in a T+
increase from 0.46(1) to 13.6(5) s™! (Figure 3.22). Both materials largely follow
an Arrhenius behaviour from which Ea barriers of 0.22(6) and 0.25(6) eV for
the fast and slow components of T+' in LisAlSs and 0.15(5) eV for
Lia.3AlIS3.3Clo.7 could be obtained and illustrate a significant difference between
both phases. The increase in SLR T+ rate constants with higher T imply data
in the low temperature flank of the SLR rate constants, which are indicative of
short-range motional processes, and demonstrate more energetically

favourable short-range Li-ion diffusion in the more disordered Cl-doped phase.
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Figure 3.20 Comparison of methods to fit ’Li T+ build up curves of LizAlS3 at
representative temperatures of 290 and 400 K, where the data was fit with a
stretch exponential of the form 1-exp[-(t/T1)%] (left) and a bi-exponential of the
form 1-a-exp[-(t /T1siow)]*+b-exp[-(t/T1fst)] (right). The goodness of fit (R?
values) are given in the figure and illustrate slightly better fit in the case of a

bi-exponential.
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Figure 3.21 Comparison of methods to fit “Li T+ build up curves of
Li4.3AlS3.3Clo.7 at representative temperatures of 294, 340 and 445 K, where
the data was fit with a stretch exponential of the form 1-exp[-(t/T1)] (left) and
a bi-exponential of the form 1-a-exp[-(t/T+1,slow)]+b-exp[-(t/T1ast)] (right). The
goodness of fit (R? values) are given in the figure and illustrate slightly better

fit in the case of a stretch exponential.
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The SLR T1," data recorded at three different spin-lock frequencies w1/2r are
given in Figure 3.22 The rates initially increase with temperatures above room
temperature (i.e., low temperature flank) and activation barriers indicative of
more accessible local Li* jump processes for Lis.3AlS3.3Clo.7 (Ea = 0.19(4) eV)
than for LisAlSs (Ea = 0.42(8) eV) are extracted. Upon heating further, the SLR
T+, rate constants pass through maxima (in the 325-495 K temperature
range) before decreasing (i.e., high temperature flank) with activation barrier
values for translational diffusion of 0.52(8) and 0.33(5) eV for LizAlS3 and
Lia.3AIS3.3Clo.7, respectively, indicating that long-range Li* diffusion is also more

favourable in Lis.3AlS3.3Clo.7.

SLR T1,7" rate constants at different frequencies provide information on the
dimensionality of the Li* diffusion process and, for diffusion-induced rates in
solids, the high temperature limits of the spectral density function J(»1) have
the following frequency dependence to (tc/w1)%°, tcIn(1/m1tc) and tc for one,
two and three-dimensional diffusion processes, respectively.?-?? Both LizAlS3
and Lis.3AIS3.3Clo.7 materials show T1,™! rate constants that are independent of
the probe frequencies wi/2n (Figure 3.22), which is strong evidence for the
presence of three-dimensional Li* mobility within both materials. This is an
experimental validation of the computational prediction from ab initio molecular
dynamics simulations and further evidence of the diffusion pathway revealed
by the scattering density of the diffraction data, although via the direct
detection of the Li* ions as they proceed along the determined pathway. It is
therefore postulated that Li-ion mobility occurs both between the layers and

within the layers, which is in agreement with the observation of cross peaks
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for all Li sites in the SLi-6Li EXSY spectra of LisAlSs.

At the temperatures of the T1,"! maxima, the Li* v values are on the order of

the spin-lock probe frequency w1 and satisfy the following relationship:5°

20,7, ~ 1 (Eq. 3.14)

Li* ©* values in the order of 1.3 x 10° - 1.0 x 108 s" are therefore obtained in
the 420-495 K and 325-380 K temperature range for LisAlSs and
Lia.3AIS3.3Clo.7, which lower temperatures in the latter again demonstrate

increased Li* mobility.

The SLR values can be further parameterized using the following expression

to extract tc from T4 rates:

] o S (Eq. 3.15)
T,  \1+ w22 1+ 40212 q. 3.
and from T+,
1 _K 3 Tc +5 Tc N T, Ea. 316
Ty,  \21+4w?2 21+ w22 1+ 4wit? (Eq. 3.16)

where K is the local fluctuating magnetic field term in these expressions and

depends on the relaxation mechanism.
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Figure 3.22 Arrhenius plots of ’Li NMR SLR rate constants in the laboratory
frame (T1") at wo/2n = 156 MHz and rotating frame (T1,") at w1/2n = 10, 30
and 80 kHz for (a) LisAlSs, where the filled blue triangles and empty blue
triangles are the T1' SLR rate constants associated with the slow and fast
components of the build up curves, respectively, and (b) Lis.3AIS3.3Clo.7. The
coloured ticks on the temperature scale represent the position of T1,"" maxima.
Li T1,"! versus tc for (c) LisAlS3 and (d) Li4.3AlS3.3Clo.7. Data were collected at
spin-lock frequencies of w1/2r of 10 kHz (red and orange), 30 kHz (purple and
pink) and 80 kHz (green and olive) and the solid lines are those obtained from
equation 3.16 using the experimentally determined local magnetic field
fluctuation terms of 1.1(6) x 10° and 6.3(8) x 108 Hz? for LisAlS3 and
Li4.3AlS3.3Clo.7, respectively. Averaged values over the three wi/2n were used
resulting in the slight offsets observed at high tc. “Li T1,™! versus 1c data for

both phases for each wi/27 are given in Figure 3.23 for clarity.
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Figure 3.23 7Li T1," versus tc for Li3sAIS3 (left) and Lis.3AIS3.3Clo.7 (right). Data
were collected at spin-lock frequencies of w1/2r of 10 kHz (red and orange),
30 kHz (purple and pink) and 80 kHz (green and olive) and the solid lines are
those obtained from equation 3.16 using the experimentally determined local
field fluctuation terms of 1.1(6) x 10° and 6.3(8) x 10® Hz? for LisAlIS3 and

Li4.3AlS3.3Clo.7 respectively. Averaged values over the three w1/2n were used

resulting in the slight offsets observed at high 7.
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For homonuclear dipolar relaxation involving spin 3/2 nuclei such as “Li, K is

proportional to the square of the dipolar coupling constant and is given by:%®

3 /Mo\2Y*h?
) Eq. 3.17
K 2(4n) = (Eq )

where o is the permeability of free space, h is the reduced Planck’s constant,
v is the gyromagnetic ratio of the nuclear spins and r is the distance between
the two nuclear spins, while for quadrupolar relaxation, K is proportional to the

quadrupolar tensor parameters and expressed as:

1, un
K= 568 1+(5 (Eq. 3.18)

where na is the asymmetry parameter. Accessing tc from T+' and T1,"! data
first requires a dominant relaxation mechanism to be postulated which for 87Li
NMR is best obtained from comparing Li and “Li T+ time constants under static

conditions.%®

Given the power law of 4 and quadratic dependencies of T+ rate constants
on y and the quadrupolar moment Q in the dipolar and quadrupolar relaxation

mechanisms, respectively, a ratio of

T, ("Li) y*("Li)
TCLD) 2 (6Li)y2(7Li)(?Li) [ (6Li) + %(7Li)]

~ 0.5 (Eq. 3.19)

is expected in the case of dipolar relaxation, while a ratio of
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T.("Li) Q*("Li)

~ 4 Eq. 3.2
T i S e~ 3 X 10 (Eq. 3.20)

is anticipated for a quadrupolar relaxation mechanism. Experimental
T1("Li)/T1(8Li) ratios of 0.10(3) for LisAlS3 and 0.48(8) for Lis.3AIS3.3Clo.7 were
obtained at room temperature, which suggests that either cross relaxation
mechanisms or a mixture of the two mechanisms contribute to the overall SLR
for LisAlIS3 while dipolar relaxation mechanisms dominate for Lis.3AIS3.3Clo.7.
The origin of this difference and of the cross relaxation may be due to a rather
complex situation where the dominant relaxation mechanism changes
between low and high temperatures or that the SLR rate constant measured
correspond to an average across the whole sample. Therefore, it is possible
that the slow and fast moving ions observed in Figure 3.8(a) for LisAlSs may
have these different relaxation mechanisms, as previously observed in other
systems.57:%8 Additionally, the presence of 2’Al (a 100% abundant spin 5/2
nucleus) in close proximity with lithium ions may introduce additional

heteronuclear dipolar coupling and dipolar-quadrupolar cross relaxation terms.

At the 7Li T1,"" maxima, substituting equation 3.14 into equation 3.16 enables
experimental determination of the local fluctuating magnetic field term K. A
value of 1.1(6) x 10° Hz? (averaged over the three consistent values of K for
the three different m1/2n frequencies used) was extracted for LisAlSs and lies
between the calculated K terms for the dipolar (2 x 107 Hz? using equation
3.17 and the closest Li-Li jump distance of 3.3 A at room temperature for
LisAlS3 based on the crystal structure) and quadrupolar (4 x 10° Hz?, equation

3.17) relaxation mechanisms as one would expect for cross relaxation. In
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Li4.3AIS3.3Clo.7, the experimental (averaged) K value is 6.3(8) x 108 Hz?
compares favourably with the dipolar dominated relaxation value of 5 x 107
Hz2 (using a static 2.4 A Li-Li jump distance for Lis3AlS33Clo.7). These
experimentally determined K values are then used to convert experimental T+,
' values to tc estimates at each temperature using equation 3.16 (Figure
3.23) and allows access to tc and NMR-derived jump rates ™' at all

temperatures (Figure 3.24).

3.5.8 NMR-derived Li* ion 11 values

NMR-derived jump rates ' obtained from NMR line narrowing experiments
(Figure 3.8), EXSYs (Figure 3.16) and relaxometry experiments (Figure 3.22)
are plotted against reciprocal temperature in Figure 3.24 for o1/2n = 30 kHz
(data for w1/2r = 10 and 80 kHz are given in Figures 3.25 and 3.26,
respectively). Overall, Li-ion jump rates t' are significantly lower for LizAlS3
than Lis.3AlS3.3Clo.7 and reinforce the increased Li-ion mobility in the latter
phase as revealed from the known EIS impedance data.'? For both phases,
there is an excellent agreement between 1! obtained from 7Li line narrowing
spectra and relaxometry data, and fitting those to an Arrhenius equation yields
activation barriers of 0.29 (0.21-0.41) and 0.29 (0.25-0.37) eV for Li3AlS3 and
Lis.3AlS3.3Clo.7, respectively. The values of the activation energies here are
lower than the previously reported values from bulk conductivity observed by
EIS (0.48(1) and 0.33(1) eV) which is a common experimental observation®®
62 due to the largely different approaches used where NMR spectroscopy
determines the activation barrier for Li-ion mobility to neighbouring sites over
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a much shorter length scale, whereas impedance measurements probe longer
range translational Li diffusion. Additionally, NMR also accesses unsuccessful
Li-ion hops which is likely prevalent in LisAlS3 and Lis.3AIS33Clo.7 as the Li*
sites are partially occupied. While the same activation energy is extracted from
Figure 3.24 for both phases, the errors are particularly large due to the
combination of various methods used. Hence, the energy barriers obtained
from “Li line narrowing and SLR experiments are likely to be more informative.
A summary of the activation energies obtained via the various spectroscopic

methods is available in Table 3.4.
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Figure 2.24 Arrhenius plot of Li-ion jump rates "' extracted from ’Li linewidth,
2D 6Li-SLi EXSY experiments and ’Li SLR T+, rate constants. Purple and pink
open circles are data points from “Li SLR T1," rate constants at w1/2r = 30
kHz for LisAlSs and Lis.3AlS3.3Clo.7, respectively. Red/orange (for LisAlSs) and
green/olive (for Lis.3AlS3.3Clo.7) are t! extracted from Li SLR T1,~" maxima at
o1/2n = 10 and 80 kHz, respectively. The complete datasets at these
frequencies have been omitted for clarity and can be found in Figures 3.25
and 3.26. Solid lines correspond to the fits to equation 3.13 for the
experimentally determined SLR T1,"' maxima and the value of v extracted
from ’Li linewidth experiments for LisAlS3 (black) and Lis.3AIS3.3Clo.7 (green).
The inset demonstrates a magnified view of the region at which t' values

extracted from 2D 6Li-6Li EXSY experiments of Li3AlS3 reside.
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Figure 2.25 Arrhenius plot of Li-ion jump rates extracted from ’Li linewidth, "Li
SLR in the rotating frame and 2D 5Li-5Li EXSY experiments and Bloembergen-
Purcell-Pound (BPP) simulations red and orange open circles (10 kHz), for
LisAlSs and Lis.3AIS3.3Clo.7, respectively. Solid lines correspond to the fits to
equation 3.13 for the experimentally determined SLR T1," maxima and the
value of ' extracted from 7Li linewidth experiments for LizAlS3 (black) and
Li4.3AlS3.3Clo.7 (green). The inset demonstrates a magnified view of the region
at which t' values extracted from 2D 6Li-5Li EXSY experiments of Li3AlSs3

reside.
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Figure 2.26 Arrhenius plot of Li-ion jump rates extracted from ’Li linewidth, "Li
SLR in the rotating frame and 2D ©Li-SLi EXSY experiments and BPP
simulations green and olive open circles (80 kHz), for LisAlSs and
Lis.3AlS3.3Clo.7, respectively. Solid lines correspond to the fits to equation 3.13
for the experimentally determined SLR T+4,"' maxima and the value of 1
extracted from 7Li linewidth experiments for LisAlIS3 (black) and Lis.3AIS3.3Clo.7
(green). The inset demonstrates a magnified view of the region at which 1!

values extracted from 2D 6Li-5Li EXSY experiments of LizAlSs3 reside.
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Table 3.4 Summary of the activation energies for LizAlS3 and Li4.3AIS3.3Clo.7
extracted from electrical impedance spectroscopy (EIS),"? “Li motional
narrowing®? from Figure 3.8, spin-lattice relaxation data in the laboratory
frame (T+1) and the rotating frame (T1,) from Figure 3.22. Activation energies
on both the high and low temperature flanks are quoted as well as the

activation energy obtained from the jump rate plot (Figure 3.24).

Activation Energy /eV

Sample Waugh-
EIS ] T1 Tipt  Tipur  Jump rate
Fedin
0.29
LisAlS3 0.48(1) ~0.5 0.32(6) 0.42(8) 0.52(8)
(0.15-0.41)
0.29
Lis3AlS33Clo7 0.33(1) ~0.4  0.15(5) 0.19(4) 0.33(5)
(0.25-0.37)

The Li3AlS3 t! values obtained from the EXSYs are notably lower than those
extracted from the other approaches used. This is attributed to site-specific
diffusion processes captured by the EXSY experiments compared to the
information averaged across all Li sites only accessible from ’Li line narrowing
and SLR measurements. The two components of the static ’Li NMR lineshape
observed in line narrowing experiments of LisAlS3 can therefore be attributed
to slow moving ions (1! << w/2r, broad component in “Li static NMR spectra)
associated with non-equivalent site exchange occurring between the layers
(duit- Li2 = 4.07(13) A, duit-Liz = 3.12(3) A, duit-Lis = 3.322(13) A) and between
tetrahedral Li4 and octahedral Li2/3 sites in the mixed polyhedral layer (dLi2-Lia
=4.49(8) A, duis-Lis = 2.83(3) A), while the fast moving ions (t! >> ®/2r, narrow
component) can be assigned to exchange occurring within the layers
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themselves along the c-axis between equivalent sites. Since the ion mobility
mechanism is three-dimensional, migration between the layers is crucial for
long range translational diffusion since it connects the different diffusion
channels along the c-axis so as to avoid any blockages that may occur in the
diffusion pathways. We note that the calculated ' values for LisAlS3 derived
from BPP theory, deviate from the expected trend observed from the
experimentally determined t! (through ’Li line narrowing and T1,"' maxima) at
low temperatures. A possible explanation for this observation is that since the
Li-ion =1 for the various different sites in LisAlS3 are expected to differ, it seems
that the dependence of ' on the temperature should also differ for the
different sites. Additionally, it is possible that there is a significant number of
unsuccessful Li-ion jumps given that ion mobility between non-equivalent sites
is limited. The large distribution of Li-ion ' values, originating from both fast
and slow Li-ion mobility, likely results in a complex relaxation profile that
deviates from the single v approach in the BPP model used and the potential
use of other models such as the Cole-Cole,*? Cole-Davidson®* or a related
model® could potentially further rationalise this behaviour. However, these
models are used in order to account for a distribution of tc values across
various sites and pathways, while in the case of LisAlSs we are probing one
Li-ion pathway with two largely different tc values. Moreover, in this work we
are interested in comparing the diffusion pathways in LisAlSs and
Lia.3AIS3.3Clo.7, two closely related phases with connected chemistries, we
have chosen to exploit the BPP model as the relaxation behaviour of

Lia.3AlS3.3Clo.7 is close to being mono exponential.
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7! can then be used to derive conductivities onvr from NMR data using the

combined Nernst-Einstein and Einstein-Smoluchowski equations:

_f Neg?r?1
o= HR NNNkBTT

(Eq. 3.21)

where f and Hr are the correlation factor and Haven ratio respectively (f/Hr is
assumed to be smaller than 1 for correlated motion as per our previous ab
initio calculations on Lis.3AIS3.3Clo.7%), Ncc is the number of charge carriers per
unit cell volume (based on unit cell volumes obtained from diffraction of 1014
A3 for LisAlSs" and 83.5 A3 for Lis.3AIS3.3Clo.72), q is the ionic charge of Li, ris
the closest Li-Li jump distance as given above and Nnn is the number of
neighbouring Li sites (6 for the three-dimensional diffusion here). Obtaining f
and Hr is beyond the scope of this work as exemplified for the extremely well
studied Li garnet,®* and we have therefore chosen to provide the upper
boundary of the extrapolated conductivity values. At 303 K, these are 4(3) x
10 and 3(2) x 10 S cm™" for LisAlS3 and Li4.3AIS3.3Clo.7, respectively, which
are in cautious agreement with the values determined by EIS (10° and 106 S

cm™' for LisAlS3' and Lis.3AIS3.3Clo.7,2 respectively).
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3.6 Conclusions and Outlook

In this chapter the identification and characterisation of both the structure and
ion dynamics in two new aluminium sulfide materials have been reported. The
local structures of the two materials were characterised using 6Li and 2’Al NMR
(with the long range order having been analysed via synchrotron X-ray
diffraction and neutron powder diffraction by Jacinthe Gamon). We employed
a range of advanced NMR approaches focusing on both 6Li and “Li nuclear
spins to capture the Li* dynamics of two newly discovered Li-containing
materials, LizAlS3s and Lis.3AlS3.3Clo.7. In the parent LisAlSs phase, the two
component lineshapes of the ’Li static NMR spectra demonstrate the
existence of fast and slow-moving Li*. The slow-moving ions were identified to
diffuse between non-equivalent sites and are located between the two distinct
tetrahedral and mixed polyhedral layers of the material, as captured by 2D SLi-
6Li EXSY spectra on 6Li enriched LisAlSs. In Lis3AIS33Clo.7, the single
component observed in the static ’Li NMR spectra and the absence of the
broad component contribution to the ’Li lineshape indicate that the exchange
of Li-ions between the layers facilitates an overall increase in conductivity, as
confirmed by the NMR-derived conductivities, and is associated with
accelerated Li* diffusion of the immobile ions of the parent LisAlS3 material.
This arises from the introduction of disordered octahedral lithium vacancies in
the mixed polyhedral layer of Lis.3AlS3.3Clo.7 that opens up Li-ion diffusion
pathways not available by the presence of ordered vacancies in the tetrahedral
layer of LisAlSs. The frequency dependence of the SLR rate constants

provides direct experimental evidence of the three-dimensional Li* diffusion
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previously proposed. This dimensionality is, therefore, an important factor to
increase ion mobility by accelerating ion exchange between layers to avoid
any bottlenecks that occur via faster diffusion pathways along the c-axis for
LisAlSs and the ab plane for Lis.3AlS3.3Clo.7. Overall, this work illustrates the
importance of 6Li and ’Li NMR data in accessing dynamics to understand Li-
ion mobility pathways in structures that are structurally related by

order/disorder.
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4. Understanding the Li-lon Diffusion
Pathways in the Defect Stuffed Wurtzite
Li33Sn33Clo.7 via Solid-State NMR

4.1 Overview

The second new material of interest reported in this thesis is the Li-Sn-S-Cl
phase, Li3.3SnS33Clo7. This material was first reported in Nature
Communication in 2021," where in this highly collaborative work, an
unsupervised machine learning technique was reported for the first time. The
material in question was identified through this new model and subsequently
synthesised and characterised via a range of techniques such as diffraction,
EIS and NMR. The paper reporting this model and material was entitled
“‘Element selection for crystalline inorganic solid discovery guided by
unsupervised machine learning of experimentally explored chemistry” by
Andrij Vasylenko, Jacinthe Gamon, Benjamin B. Duff, Vladimir V. Gusev, Luke
M. Daniels, Marco Zanella, J. Felix Shin, Paul M. Sharp, Alexandra Morscher,
Ruiyong Chen, Alex R. Neale, Laurence J. Hardwick, John B. Claridge,
Frédéric Blanc, Michael W. Gaultois, Matthew S. Dyer & Matthew J.
Rosseinsky. The author contributions are as follows, M.J.R directed the whole
project and F.B. the NMR component, A.V. identified, developed, and
implemented the variational autoencoder (VAE) model in discussion with V.G.,
M.W.G., and M.S.D. and performed all the CSP. J.G. performed all synthetic
work on the Li-Sn-S-Cl phases, solved and analysed the structure in
collaboration with L.M.D. and J.B.C. and performed the impedance

characterization, with assistance from A.M. B.B.D. designed, performed, and
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analysed all the NMR experiments, assisted by F.B. R.C., A.R.N., and L.J.H.
designed and performed the symmetrical cell and interface evaluation
experiments. M.Z. performed all the electron microscopy. J.F.S. performed all
the experimental work on the Li-Mg-S-Cl phases, and evaluated all the data in
collaboration with L.M.D. and J.B.C.; P.M.S. and M.S.D. performed all the
computational work on these phases. This chapter focusses on the NMR
component of this work with a brief background and context of the

computational and diffraction data.
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4.2 Abstract

In order to further develop the field of Li solid electrolytes for use in all-solid-
state batteries, the understanding of the Li-ion pathways is paramount. Here,
we exploit 6Li MAS in conjunction with diffraction techniques in order to derive
the structure of the anion substituted Liz3SnS3.3Clo.7 phase that was identified
through an unsupervised machine learning approach. ’Li line narrowing and
relaxation measurements allowed for the quantification of Li-ion jump rates
which were extrapolated and converted to a room temperature conductivity
value of 2.6(7) x 10° S cm™' in excellent agreement with the bulk conductivity
value of 3.2(3) x 10> S cm™' with an activation energy of 0.23(5) eV. Detailed
analysis of the frequency dependence of the NMR relaxation rates indicated
low-dimensional Li-ion diffusion, which when combined with the results from
the nuclear density obtained from the maximum entropy method, revealed the
Li-ion pathway to be one-dimensional. This pathway was identified to occur
between one Li octahedra to another through a common face along the c-axis.
The understanding of the effects of structural modifications of ternary materials
through anion substitution on the Li-ion mobility pathways provides a

framework for developing improved solid ion conductors.
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4.3 Introduction

There has been a surge of machine learning (ML) studies that aim to extract
the underlying patterns of chemistry available from ICSD%*® based on the
knowledge of the composition and structure at the level of an individual
material. Supervised learning® %8 infers relationships between materials’
features and materials’ properties, and requires large hand-labelled datasets
for training. Unsupervised ML, on the other hand, infers underlying patterns of
chemical knowledge in the absence of human-labelled data.® '° Collaborators
at the University of Liverpool developed an unsupervised ML approach in order
to rank unexplored quaternary two anion phase fields for experimental
investigation as solid electrolyte candidates through the method summarised
in Figure 4.1." Machine learning-assisted researcher assessment of the
candidate element combinations then identified the Li-Sn-S-ClI field. Probe
structure computation'- 2 targeted a region within this field for synthetic

exploration that afforded the defect stuffed wurtzite Li3.3SnS3.3Clo.7.
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Figure 4.1 Summary of the ML model Stage I: ML model training from ICSD
data of reported chemical systems in four steps: 1 quaternary phases with two
anions are collected, for example, NaV204F.; 2 The individual phases (e.g.,
NaV204F and Na2VOFs) are aggregated to define those phase fields
containing reported two anions quaternaries. Each phase field is represented
as a 148-dimensional (four elements x 37 elemental features) vector p; 3 the
VAE®is used to reduce (encode)pinto a four-dimensional latent
vector, p~; 4 the VAE decodes p~ back to a 148-dimensional image vector, p'.
During training the VAE tunes the weights and biases of its neural networks to
minimize the reconstruction errors, the Euclidean distances between the
original, p, and decoded, p’, vectors. When exploring a new quaternary phase
field with two anions (Stage Il), e.g., Li-La-O-Br, the trained VAE model
encodes the phase field into the latent space and decodes it while measuring
its reconstruction error. The reconstruction error of a candidate phase field
captures the degree of its deviation from reported chemical systems, enabling
the ranking of unexplored phase fields for synthetic exploration. Figure was

created by A.V all computations performed by A.V., V.G., MW.G., and M.S.D.
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The diffraction-derived average structure is a defect stuffed wurtzite, where ClI
and S atoms are randomly distributed on the fully occupied anionic site in a
hexagonal closed packed (hcp) lattice and the Sn and Li atoms on the fully
occupied tetrahedral T*interstices, with the T~ sites empty, while the
remaining 0.3 lithium atoms per formula unit are located on the octahedral site,
O (Figure 4.2(a)). Refinement of the site occupancy factors (sof) reveals full
occupancy of the anionic and the tetrahedral sites with S/Cl and Sn/Li atomic

ratios of 0.823(8)/0.175(8) and 0.242(3)/0.760(3), respectively.

The Li1 position is slightly displaced towards the base of the tetrahedron
compared to Sn, which presents a much more regular coordination
environment (Figure 4.2(b)) that can be associated with a predominant S-only
single anion first coordination sphere driven by the higher formal cation
charge. The less regular geometry around Li1 would then be associated with
the presence of both S and CI anions in its first coordination sphere, as seen
in the computed probe structure, driven by the lower formal charges of Li and

Cl.
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Figure 4.2 The defect stuffed wurtzite average structure of Li3.3SnS3.3Clo.7 with
Li1 (orange) and Sn (purple) occupying the tetrahedral site (grey) and Li2 the
octahedral site (red) along with the polyhedral environments for (b) Sn and Li1
as well as (c) Li2. The hcp anion sublattice is shown by the mixed S (yellow)

and CI (green) sites.
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4.4 Experimental

Computational details as well as information on sample synthesis and
analytical methods other than NMR can be found in reference 4. All NMR data
were recorded at 9.4 T on a Bruker AVIII HD spectrometer. 6Li Magic Angle
Spinning (MAS) NMR experiments were obtained with a 4 mm HXY MAS
probe (in double resonance mode) with the X channel tuned to ’Li
at wo/2n (6Li) = 58.9 MHz and under MAS at a rate of o/2n =10 kHz. Spectra
were obtained with a pulse length of 3 us at a radiofrequency (rf) field
amplitude of w1/2x =83 kHz. The sample was packed into a 4 mm MAS rotor
under an argon atmosphere. Variable temperature “Li static NMR experiments
were recorded on a 4 mm HXY MAS probe (in double resonance mode) at and
below room temperature and on a 4 mm HX High-Temperature MAS Probe
above room temperature with the X channel tuned to’Li
at wo/2n(’Li) =156 MHz. The ’Li spectra were recorded with a pulse length of
1.5 us at an rf field amplitude of w1/2n = 83 kHz. The sample was flame sealed
in glass inserts under an Argon atmosphere of 1073 mbar. All 67Li spectra were

referenced to 10 M LiCl in D20 at 0 ppm.

SLR rates in the laboratory frame (T1') were obtained using a saturation
recovery pulse sequence and the data were fitted to a stretch exponential

function of the form:
1 —exp[—(t/Ty )4 (Eq. 4.1)

where t are the variable delays and o is the stretch exponential (values

between 0.4 and 1). SLR rates in the rotating frame (T1,") were recorded using
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a standard spin-lock pulse sequence at frequencies of w1/2r ('Li) = 15, 45,

and 80 kHz, and data were fitted to a stretch exponential function of the form:

1 - exp[~(v/Ti;)"] (Eq. 4.2)

where (3 values are between 0.3 and 1. Temperature calibrations were
performed using the chemical shift thermometers Pb(NOs)2, Cul and CuBr
using ?Pb NMR' 16 and 83Cu NMR."": '® The errors associated with this
method were calculated using the broadening of the isotropic peak and ranged

from 5 - 20 K.
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4.5 Results and Discussion

4.5.1 °Li MAS

In order to gain insights into the local Li environments in Li3.3SnS3.3Clo.7, SLi
MAS NMR was performed. The spectrum shown in Figure 4.3 reveals a single
resonance associated with Liz.3SnS3.3Clo.7 centred at 1.4 ppm, in agreement
with the maijority of Li occupying the tetrahedral interstices (Figure 4.2,
octahedral sites are typically located near 0 ppm),'® as well as a small shoulder
at 1.8 ppm attributed to a small amount (~10 mol%) of orthorhombic Li4SnS4.%°
It is likely that the resonance associated with Li residing in the octahedral
interstices is not observed in this case, because of the high Li-ion mobility in
Li3.3SnS3.3Clo.7 leading to a single motionally averaged signal at the weighted

average of the two resonances.

5Li shift / ppm

Figure 4.3 5Li MAS NMR spectrum of Li3.3SnS3.3Clo.7 recorded at 9.4 T and
MAS rate of 10 kHz. The experimental spectrum (full line), total fit (dashed
line), spectral deconvolution (dotted lines) and orthorhombic LiaSnS4

impurity?® (pink dotted line) are also shown.
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4.5.2 Static 'Li VT Line Narrowing NMR

In static ’Li solid-state NMR spectra, the absence of mobility is displayed
through a broadening of the 1/2 < -1/2 central transition arising from the
strong homonuclear “Li-’Li dipolar coupling interactions. At low temperatures,
the material is said to be in the rigid lattice regime, in this regime spectra
dominated by dipolar broadening are observed. This effect is present at
approximately 165 K, where the line width of the central transition, o/2x, is
approximately 5.2 kHz for Li3.3SnS3.3Clo.7. As the temperature is increased the
dipolar interactions are continuously averaged due to the increasing motion of
the Li spins causing the spectra to narrow significantly (Figure 4.4). This effect
can be seen by plotting the full width half maximum of the peak as a function
of the temperature (Figure 4.4(b)), where the onset of motional narrowing,
Tonset 0Cccurs at around 200 K. Using an expression introduced by Waugh and
Fedin?! relating the onset temperature of motional narrowing with the

activation energy of the diffusion process, given by:
E, =1.67 X 1073 T, pcet (Eq. 4.3)

an activation energy of approximately 0.35 eV can be estimated for
Liz3SnS33Clo7. The peak width then decreases significantly as the
temperature is increased above ~ 220 K, down to a minimum line width of
approximately 750 Hz where the homonuclear dipolar interactions are
completely averaged out. The inflection point of this temperature-dependent
linewidth, Tinflection defines the Li-ion jump rate, t-!, which is of the order of the
linewidth in the rigid lattice regime (~5 kHz), yielding a value of ~ 3.3(2) x 10*

s™! at a temperature of ~ 250 K.
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Tinflection Values were determined from fitting the o/2n data in Figure 4.4(b) to

a Boltzmann sigmoid regression curve of the form:

om [ ().~ (), y
2t \ 14 exp (_Tinﬂection —~ T) (Eq.4.4)
a

where o(T)/2n is the linewidth of the central transition at temperature T,
(o/27)» is the residual linewidth at high temperature in the fast motional regime

and a is a fitting parameter.

As Li3.3SnS3.3Clo.7 appears to be in the fast-motional regime at room
temperature, this is a reasonable explanation for the absence of two distinct
resonances attributed to the material in the 6Li MAS NMR spectrum (Figure
4.3). At room temperature, rapid exchange between tetrahedral and
octahedral Li sites will occur on the NMR timescale leading to the observation

of a single resonance.
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Figure 4.4 (a) Representative static ’Li VT NMR spectra of Liz.3SnS3.3Clo.7. (b)
Temperature dependence of the “Li NMR linewidth o(T)/2n of Li3.3SnS3.3Clo.7
where the onset temperature of line narrowing Tonset is given with a double
length tick on the upper axis, with dashed lines showing the tangents of the
curve used to extract Tonset. The solid black line is a fit to the data based on
the sigmoidal regression given in equation 4.4 and is used to determine the

inflection point of the curve.
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4.5.3 'Li Relaxometry

The temperature dependence of the ’Li SLR in the laboratory (T+') and
rotating frame (T1,') under static conditions were monitored using the
saturation recovery and spin lock pulse sequences, respectively. These
measurements were performed in order to obtain values for the activation
energy, conductivity and dimensionality of the Li diffusion. The SLR T+, rates
are purely induced by diffusion processes initially increasing with temperatures
above room temperature before decreasing thereby passing through a
maximum at temperatures that are characteristic of the Li correlation rates tc
' (that is the average Li jump rates t') being equal to the spin-lock frequencies
o1, i.e. 2m1 = 1" =11, Accessing these maxima at different o1 enables different
NMR-derived jump rates ' to be obtained at different temperatures (Figure
4.5), giving jump rate values of the order of 1.8 x 10°-1 x 10° s! in the 330—

355 K temperature range.
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Figure 4.5 Arrhenius plot of spin-lattice relaxation (SLR) rates in the laboratory

frame (T1') at a Larmor frequency of 156 MHz (blue circle) and in the rotating
frame (T1,"") at spin-lock frequencies w1/2n of 15 (red triangle), 45 (green
inverted triangle) and 80 kHz (purple diamond). The coloured ticks on the
upper x-axis represent the temperatures of the T1p"' maxima. The error bars
associated with the temperature are calculated from the broadening of the
isotropic peak of the chemical shift thermometer Pb(NOs)2, while the errors in
T+" and T1p" are obtained from the output of the fittings of Supplementary

Equations 4.1 and 4.2 respectively.
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As previously discussed in Chapter 1 section 1.3.3, the dimensionality of the
Li* ion diffusion can be accessed from the frequency-dependence of the high
temperature limits of the SLR Ti,' values and follows characteristic
relationships with one, two, and three-dimensional diffusion in solids being
proportional to (t/w)°®, tIn(1/m1), or t, respectively?> 23 (where T and o are the
correlation times and probe frequencies, respectively) for which the

corresponding fit is shown at various temperatures in Figure 4.6.

Figure 4.7(a) shows the frequency dependence of the SLR rate at 425 K, in
which there is a clear dependence of the SLR rate with w1, ruling out the
possibility of 3D Li diffusion. However the models for 1D and 2D Li-ion mobility

fit well the experimentally recorded SLR data (also shown in Figure 4.5).
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Figure 4.6 Frequency dependence of the NMR SLR T+, rates at 425, 415,
395 and 385 K for one, two and three-dimensional models, at spin lock
frequencies w1/2n of 15 (red triangle), 45 (green inverted triangle), 80 kHz
(purple diamond), and average Li* jump times t from T1,"' maxima (Figure
4.5). The solid lines correspond to linear fits of (t/®)%% and tIn(1/wt) for one
and two-dimensional diffusion, respectively. The frequency dependence of the
SLR T+, rates (also shown in Figure 4.5) clearly rules out the possibility of
three-dimensional diffusion. Errors in the spinlock frequencies w1 are
estimated to be 10% while the errors in the correlation time t are extracted
from the fit in Figure 4.8. Errors in T1,! are obtained from the outputs of the

fits to equation 4.2.
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Figure 4.7 (a) Frequency dependence of the NMR SLR T1,' rates at 425K

for one-dimensional, two-dimensional and three-dimensional diffusion models,

as a function of spin-lock frequencies w1/2n of 15 (red triangle), 45 (green

inverted triangle), 80 kHz (purple diamond) and average Li* jump times t from

T1,"' maxima (Figure 4.5). The black lines correspond to linear fits with

regression factor r2 of 0.99 for 1D and 0.98 for 2D diffusion. Data for other

temperatures are given in Figure 4.6. Errors in the spin-lock frequencies 1

are estimated to be 10% while the errors in the correlation time t are extracted

from the fit in Figure 4.9. Errors in T1,! are obtained from the outputs of the

fits to equation 4.2. (b) Nuclear density reconstructed by the maximum

entropy method and highlighted potential diffusion pathways (path 1 (1D):

green arrow, path 2 (3D): gray arrows and path 3 (2D): blue arrows).
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Analysis of the periodic distribution of the scattering density provides further
important experimental evidence for possible diffusion pathways and their
dimensionality.?* Figure 4.8 shows the nuclear density obtained by the
maximum entropy method (MEM). Three potential diffusion pathways are
highlighted: i) path 1 Octahedral (O) to Octahedral (O-O)): 1D diffusion from
one Li2 octahedron to another through their common face along the c-axis
(green arrows, Figure 4.8(a)), ii) path 2 (T* - T- - T*): 3D diffusion from the Li1
(T*) tetrahedra to one of the vacant T- tetrahedra of the same layer via their
common edge (3 possibilities spanning the whole (ab) plane, grey arrows on
Figure 4.8(a)), followed by diffusion to the T* site in the layer above through
their common face (along c, grey arrows Fig. 5b, ¢) and iii) path 3 (T*- O - T*):
2D diffusion in the sulfide slab from one Li1 tetrahedron to another by passing
through the edge of the T base, via the octahedral interstice and again

through the edge of the adjacent Li1 tetrahedron (blue arrows, Figure 4.8(c)).

MEM analysis (Figure 4.8(a,c))shows path 3 has much higher energy barriers
compared to paths 1 and 2 indicating that 2D diffusion is not dominant (Figure
4.8(b,d)). As NMR also dismisses possible 3D conductivity, path 2 with its
three-dimensional nature can also be discarded. This is further reinforced by
the absence of vacancies on the Li1 site preventing direct Li1-Li1 jumps as
described in paths 2 and 3. By combining NMR and MEM data, we thus
demonstrate 1D diffusion in the defect stuffed mixed anion wurtzite, involving
Li2-Li2 jumps between the partially occupied O sites along the c-axis
described by path 1. O-O was indeed identified as the lower energy barrier

pathway in a model sulfide hcp lattice.?®
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Figure 4.8 (a) Nuclear density in the (110) lattice plane and (b) estimated one
particle potential (OPP) along the two diffusion pathways in this plane (Path 1:
green line; Path 2: gray line), energy barriers are indicated on the plot in
eV. (c) Nuclear density in the (001) lattice plane and (d) OPP estimated along
Path 3 in this plane. The dashed red line on (b) and (d) corresponds to the
maximum OPP that can be calculated given the background level of the
nuclear density. Density levels on (a) and (c) are plotted in the [-0.02 fm A-3;
0fmA=%] range to identify scattering from Li. Figure created and analysis

performed by J.G.

However, near the wurtzite structure, as O is a nonstable site, it is often left
vacant when composition allows, and the limiting mechanism is defined by
diffusion through T-O shared faces with higher activation energy, therefore
hindering conductivity. By using two anions to stabilize Li cation excess with
both O and T sites occupied, we show that defect stuffed wurtzites should be
considered as promising Li ionic conductor candidates by locating the Li
cations and resolving their conduction pathways. The cation stuffing onto the
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O site opens the lower energy barrier O-O diffusion pathway as the main

limiting transport mechanism, in contrast to tetrahedral-only materials.

4.5.4 Li-lon Mobility

' from NMR line narrowing experiments and relaxometry experiments are

plotted against reciprocal temperature Figure 4.9. Fitting this data to:
1 = t5lexp[—(E,/RT)] (Eq. 4.5)

yields an activation barrier of 0.26(5) eV for Li3.3SnS3.3Clo.7.

212



T/K
400 333 286 250
65 1 1

25 3 35 4
1000/T /K"

Figure 4.9 Arrhenius plot of Li jump rates t'. Data were extracted from the
onset of ’Li line narrowing of the variable temperature ’Li NMR spectra (black
circle, Figure 4.4) and SLR rates in the rotating frame (T1,") experiments
(Figure 4.5) at spin lock frequencies ®1/2r of 15 (red triangle), 45 (green
inverted triangle) and 80 kHz (purple diamond), respectively. The horizontal
error bar associated with the temperature is calculated from the broadening of
the isotropic peak of the chemical shift thermometer Pb(NO3)2 as explained

above. Errors in the jump rate ' are within the data points.

NMR conductivity onmr can be estimated from the Li jump rates ' using the
combined Nernst-Einstein and Einstein-Smoluchowski equations:

_ f Neg?a® 1
ONMR = HR NNNkBTTC

(Eq. 4.6)

where f/HRr is the correlation factor and Haven ratio (1 for uncorrelated motion),

Ncc/Nnn is the number of charge carriers per unit cell volume (0.092 A®), q is
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the ionic charge of Li, a is the closest Li-Li jump distance at room temperature
(2.4 A), extracted from the crystal structure determined via diffraction
experiments. We estimate the NMR conductivity onmr from combined Nernst-
Einstein and Einstein-Smoluchowski equations (Equation 4.6) and extract an
NMR activation barrier of 0.23(6) eV for Li-ion diffusion (Figure 4.9). This value
is lower than that determined by electrical impedance spectroscopy (EIS)
(0.38(3)eV) (performed by Jacinthe Gamon, details of which can be found in
reference’) as NMR spectroscopy determines the barrier of diffusion of Li to
its neighbouring site, whereas EIS probes longer-range translational diffusion.
The extrapolated conductivity value at 303 K is 2.6(7) x 10°*Scm™, in good
agreement with the bulk conductivity value of 3.2(3)x 10°Scm™' obtained

from EIS.
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Figure 4.10 Arrhenius plot of the bulk conductivity measured by EIS (blue
circles) and calculated from NMR jump rates using equation 4.6 from line
narrowing experiments (black circle, Figure 4.3) and SLR rates T1,! (Figure
4.4) using the same colour coding. The corresponding linear fits using an
Arrhenius law are given in blue and black lines. The errors obtained in onumr
were derived from the propagation of the various errors associated with

equation 4.6.
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4.6 Conclusion and Outlook

In this chapter, the identification and characterisation of the structure and ion
mobility pathway in the new solid ion conductor Li33SnS3.3Clo.7 has been
reported. The Li-Sn-S-Cl phase field was probed through an unsupervised ML
technique, the new material Liz3SnS3.3Clo.7 was synthesised in this highly
collaborative work and the structure derived through a combination of NMR
and diffraction techniques. Through ‘Li line narrowing and relaxation
experiments, the ion dynamics were quantified and in conjunction with MEM
analysis the ion mobility pathway was identified to occur in one dimension,
occurring between the octahedral Li2 site in 1D channels. This 1D diffusion
pathway previously unseen in hcp anion arrays and inaccessible to date with
monoanionic chemistry. 1D diffusion channels are favourable for accessing
liquid-like ionic conductivity behaviour, as in Li1oGeP2S12,%6 and further tuning
of the composition to increase octahedral occupancy in stuffed wurtzites would
increase carrier density. More generally, O-O pathways along the c-axis,
involving face sharing of octahedra, have not yet been experimentally reported

in other hcp sulfide materials
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5. A new lithium ion conducting ultraphosphate
phase LiiPs014 and Understanding the Li-lon
Dynamics via Solid-State Nuclear Magnetic

Resonance Spectroscopy

5.1 Overview

The final material of interest in this thesis is the ultraphosphate phase LizsP5014.
This material was first reported in a paper in the Journal of the American
Chemical Society in 2021'" entitled Extended Condensed Ultraphosphate
Frameworks with Monovalent lons Combine Lithium Mobility with High
Computed Electrochemical Stability by Guopeng Han, Andrij Vasylenko, Alex
R. Neale, Benjamin B. Duff, Ruiyong Chen, Matthew S. Dyer, Yun Dang, Luke
M. Daniels, Marco Zanella, Craig M. Robertson, Laurence J. Kershaw Cook,
Anna-Lena Hansen, Michael Knapp, Laurence J. Hardwick, Frédéric Blanc,
John B. Claridge, and Matthew J. Rosseinsky. The author contributions are as
follows: M.J.R devised the project; G.H synthesised the material and
performed the powder diffraction measurements and the EIS experiments,
with assistance from Y.D; M.S.D, A.V and A.R.N performed the phase field
screening and BVS mapping, C.M.R performed the single crystal diffraction
measurements, M.Z performed the microscopy measurements and analysis,
A.R.N and L.J.H performed the Li plating/stripping experiments, A.L.H and M.K
assisted with synchrotron data acquisition, and B.B.D designed, performed,
and analysed all the NMR experiments, assisted by F.B.
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This chapter focusses on the NMR aspect from this work as well as follow up

NMR experiments that are yet unpublished.
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5.2 Abstract

The development of fast Li ion conducting materials for use as solid
electrolytes that are electrochemically stable against electrodes, are
paramount for the future of all-solid-state batteries. Progression of the
research into these materials is dependent on the understanding of the
structures and ion mobility properties. Here, we exploit a series of nuclear
magnetic resonance (NMR) techniques, including 6Li and *'P magic angle
spinning (MAS) and 3'P-3'P spin diffusion NMR in conjunction with density
functional theory (DFT) and diffraction techniques in order to characterise the
structure of the ultraphosphate LisP5014, a promising candidate for an oxide
based Li ion conductor. LisPsO14 has been shown previously to be a highly
conductive, energetically favourable and electrochemically stable potential
solid-electrolyte. We employed a number of complimentary ‘Li NMR
techniques including, static ’Li variable temperature (VT) line narrowing
spectra, spin-alignment echo (SAE) NMR and relaxometry in order to quantify
the lithium ion dynamics in LisP5014. Detailed analysis of the diffusion-induced
spin-lattice relaxation (SLR) data allowed for the identification of the
dimensionality of ion mobility to be three-dimensional. Static 3'P VT
experiments and relaxation measurements showed that PO43 group rotation
in the ultraphosphate layer was minimal and does not contribute to
translational Li ion mobility. Future work into this material will allow for the
experimental verification and experimentally verify the proposed 3D Li ion
pathway as well as determine the site specific Li ion jump rates in order to
outline further development in phosphate materials, providing a pathway for

further increases in the performance of solid electrolytes.
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5.3 Introduction

Compared with lithium ion conducting sulfides such as the ones mentioned
previously in this thesis, oxide based lithium ion conductors tend to have lower
total ionic conductivities but with improved stabilities.>2 Phosphates consisting
of PO4* tetrahedra can adopt isolated, linear, cyclic, and branched anionic
substructures, giving rise to orthophosphate, polyphosphate, cyclophosphate,
and ultraphosphate structures, respectively.#® In the first three of these
families, PO4*> tetrahedra share zero (isolated tetrahedra), one (terminal
tetrahedra), or two (internal tetrahedra) of their oxygens with neighbouring
tetrahedra, resulting in unbranched 0-, 2-, or mixed 1,2-connected anions, so
only unbranched zero-dimensional (0D) or 1D anions are available, e.g., 0D
unbranched 2-connected single PsO1s°~ rings in the cyclophosphate Al2PsO1s®
and 1D 2-connected POz chains in the polyphosphate LiPOs,” as shown in
Figure 5.1(a—c). In contrast, ultraphosphates present branched anions that
are generated by combining internal tetrahedra with branching PQO4%
tetrahedra that share three of their oxygens with other tetrahedra (Figure
5.1(d)) to form a 2D structure of interconnected POs3 tetrahedra. This
produces richer structural chemistry arising from topologically nonlinear
linking, which generates 2,3-connected nets that lie between purely 3-
connected phosphoric anhydride P20s5 and the 2-connected cyclophosphates.
The arising anion geometries are more diverse than in other types of
phosphates; e.g., ultraphosphates could adopt 0D (finite PsO23% groups in
NasFePs023),% 1D (infinite PsO14% ribbons in orthorhombic HoP5014),° 2D (
P4011% layers in CaP4011),"° or even 3D (infinite PsO17* frameworks in

(UO2)2Ps017)!" anionic geometries.
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Figure 5.1 Arrangement of PO4* tetrahedra in the four types of phosphates.
(a) isolated PO4* tetrahedra in orthophosphate LisPO4. (b) 1D 2-conneted
POs3" chain in polyphosphate LiPOs. (c) 2D connected single PeO1s ring in the
cyclophosphate Al2PeO1s and (d) P200s6'? chains in LisPs014 form an
ultraphosphate layer (this work). O atoms in (a) only are shown in red and
PO4* tetrahedra are shown in grey. Structural parameters are taken from

references 12,3 and 7 for panels (a-c), respectively, and replotted in VESTA.

The material of interest in this chapter, LisPsO14 possesses the
aforementioned ultraphosphate motif. These ultraphosphate layers produce a
unique topology for the Li sublattices: two types of finite Li polyhedral
LisO162% chains with comparatively short Li-Li distances (2.581-3.235 A in the

LisO16%6- chains) terminated with two distinct vacant tetrahedral sites (Figure
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5.2(a)). These ordered LisO162% chains are isolated from each other. The type
A LisO16%% chain is made up of six crystallographically distinct corner- and
edge-shared distorted tetrahedra. The type B LisO16%% chain consists of five
distorted tetrahedra and an Li5 distorted square pyramid connected by corner
and edge sharing. These two types of LisO16%%- chains are alternately arranged
parallel to the ab plane forming Li polyhedral layers, as shown in Figure
5.2(b). These Li polyhedral layers are further alternately stacked with infinite
ultraphosphate layers along the c-axis to form a 3D framework. Similar to the
Li-occupied sites, the two vacant tetrahedra are coordinated by four
PQO4% tetrahedra by corner sharing (two internal POs? tetrahedra and two

branching PO4* tetrahedra), and two LiO4’- tetrahedra by edge sharing.

LisPsO14is a layered structure built from infinite ultraphosphate
P200s6'% layers with 12-membered corrugated P12036'? rings constructed
from corner-sharing PO4* tetrahedra (Figure 5.2(c)) alternately stacked with
Li polyhedral layers along the c-axis (Figures 5.2 (d,e)). The charge
compensating Li cations are located between P200s6'% layers, forming bonds
to four or five oxide ions in these adjacent layers. The P200ss'? layers provide
pathways for ion transport between adjacent Li polyhedral layers. There are
four crystallographically distinct P12036'? rings, which are similar in size and
shape, and each is connected to six adjacent rings through branching

PQO4% tetrahedra to form the infinite ultraphosphate layer.
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Figure 5.2 Crystal structure of LisPs014 and the polyhedral arrangement of Li
and P. (a) Arrangement of lithium in LisP5O14, the two types of LisO162%- chains,
type A (red) and type B (blue), with different connection modes along with two
distinct vacant tetrahedral sites at the terminating ends. (b) Stacking of the
LisO1626" chains along [110]. (c) Arrangement of the infinite P100s6'%
ultraphosphate layers in LizsPs014. (d) Projection of the atomic arrangement in
LisPs014 along the b-axis, showing P200s6'? ultraphosphate layers alternately
stacked with Li polyhedral layers. Grey and yellow tetrahedra represent
internal and branching PO4* tetrahedra respectively, Li atoms are represented
by blue spheres. (e) Resulting unit cell of LisP5s014 projected along the a-axis,
showing the alternating stacking arrangement of the ultraphosphate layers and
the Li polyhedral layers along the c-axis. PO4% tetrahedra and Li polyhedra are

shown in grey and blue respectively.
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5.4 Experimental

Details on sample synthesis as well as analytical methods other than NMR
can be found in reference'. 3'P and 6Li MAS NMR experiments were
performed on a 9.4 T Bruker Avance Ill HD spectrometer using a 4 mm HXY
MAS probe (in double resonance mode) at an MAS frequency /27 of 10 kHz
with X channel tuned to 3'P and SLi at wo/2n (3'P and bLi) = 162 and 59 MHz,
respectively. 8Li MAS experiments were recorded via one pulse experiments
while 3'P MAS experiments were measured via one pulse and Hahn-echo
sequences. 90° pulse durations of 3 and 3.8 us at radio frequency (rf) field
amplitudes of »1/2rn = 83 and 65 kHz were used for 6Li and 3'P, respectively.
All MAS experiments were performed with quantitative recycle delays of more
than 5 times the 6Li and 3'P longitudinal relaxation time, T1 measured via the
saturation recovery pulse sequence (n/2)x100 — T — /2 — acq with increasing
recovery delay values t. The data were fitted with a stretch exponential
function of the form 1 — exp[—(t/T1)] (with o ranging from 0.7 to 1). Li and 3'P
shifts were referenced to 10 M LiCl in D20 and 85% H3POa4 in water at 0 ppm,

respectively.

31P-31P homonuclear spin diffusion experiments were performed on a 9.4 T
Bruker Avance Il HD spectrometer equipped with a 4 mm HXY MAS probe (in
double resonance mode) with the X channel tuned to wo/2n(*'P) = 162 MHz
with a 90° pulse of duration 3.8 us at a rf field amplitude of w1/2n(3'P) = 65 kHz
and an MAS rate of o/2n = 10 kHz. The data was measured using the

exchange spectroscopy (EXSY) pulse sequence n/2(xx) — t1 — /2(y) — tm — ©/2(x)
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— acq where tm is the mixing time that allows for the spins to diffuse (values of

0, 0.05, 0.25 and 1 s were used).

Variable temperature 'Li NMR experiments were recorded with a 4 mm HX
High Temperature (HT) MAS Probe on a 9.4 T Bruker Avance Il HD
spectrometer under static conditions with the X channel tuned to ’Li at wo/2n
("Li) = 156 MHz. The sample was sealed in a glass ampoule, and the spectra
were recorded with a pulse length of 1.5 us at a rf field amplitude of w1/2n =
83 kHz and referenced to 10 M LiCl in D20 at 0 ppm. All ’Li one pulse NMR
spectra were obtained under quantitative recycle delays of more than 5 times
the T+ time constants at each temperature. T4 time constants were measured
using the saturation recovery pulse sequence (n/2)x100 — T — /2 - acq with
increasing recovery delay values t. The data were fitted with a stretch
exponential function of the form 1 — exp[—(t/T1)*] (with a ranging from 0.6 to
1). The SLi static T1 time constant was also recorded in this manner. T1, time
constants were recorded using a spin-lock pulse sequence preceded with pre-
saturation block in order to reduce experiment time and ensure all sites were
in a steady-state. Hence the pulse sequence used was of the form (n/2)x100 —
d — /2 — spin-lock — acq (where the duration of the spin-lock pulse is
incremented and the value of the delay, d ranged from 150 to 90 s) at
frequencies of w1/2n(’Li) = 25, 50, and 80 kHz and the data were fitted to a
stretch exponential function of the form exp[-(t/T1,)?] (with B ranging from 0.4
to 0.8). The stretch exponential was used in order to account for a distribution
of tc values, temperature gradients across the sample (see below) and the

inherent multi-exponential behaviour for relaxation of | = 3/2 nuclei.'*'6 7Li
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SAE decay curves were recorded on the same 9.4 T NMR spectrometer using
a4 mm HX HT MAS probe using the three-pulse Jeener-Broekaert sequence.
Due to the extremely long “Li longitudinal relaxation time in LisPsO14, a pre-
saturation block was also used in the collection of the SAE NMR spectra so
that the pulse sequence implemented was (n/2)x100 — d — (n/2)y — tp — (7/4)x —
™m — (1/4)y — tp — acq; the recycle delay, d used was 260 s, the 90° pulse length
was 1.8 us at a rf field amplitude of w1/=(’Li) = 70 kHz. The Jeener-Broekaert
sequence generates quadrupolar order'”'® to create stimulated echoes that
decay with the mixing time tm. The short preparation time, t, of only 15 us
ensured the formation of a quadrupolar spin-alignment state whilst
simultaneously suppressing the dipolar contributions. A series of 20 echoes
were collected with mixing times ranging from 10 us to 10 s, at three different
temperatures (295, 330 and 373 K). The resulting echo decays, S2(tp,tm,tc) as
a function of tm were fitted with a single stretched exponential function of the

form:
(1-S.)exp [— C—‘:)y] + S, (Eq5.1)

where S«, 1c, So and y are the echo amplitude at tm = *«, the correlation time,
the stretch exponential and the echo amplitude at tm = 0O, respectively, with y

ranging from 0.2 to 0.6.

Variable temperature 3'P NMR experiments were performed with a 4 mm HX
HT MAS Probe on a 9.4 T Bruker Avance Illl HD spectrometer under static

conditions with the X channel tuned to 3'P at wo/2n(®*'P) = 162 MHz. The

spectra were recorded with a pulse length of 5 us at a rf field amplitude of
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o1/2n = 50 kHz and all 3'P one pulse NMR spectra were obtained under
quantitative recycle delays measured using the same methodology as for “Li
and the data fitted with a stretch exponential (with o ranging from 0.8 to 1).
T1p time constants were measured using spin-lock pulse sequence with a pre-
saturation block (where the duration of the recycle delay ranged from 3700 to
4000 s) at a spin-locking frequency of w1/2n(3'P) = 25 kHz and the data fitted

to a stretch exponential (with B ranging from 0.3 to 0.9)

Temperature calibrations were performed using the chemical shift
thermometers Pb(NO3)2 using 2°’Pb NMR'%2% and Cul and CuBr using %3Cu
NMR.?'22 The errors associated with this method were calculated using the

isotropic peak line broadening and range from 5 to 20 K.

All density functional theory (DFT) calculations were carried out with the
CASTEP (version 20.11) package.?®> The geometry optimisation was
performed using plane-wave DFT? with the PBE?® exchange-correlation
functional and on-the-fly generated ultrasoft pseudopotentials.?® The Brillouin
zone was sampled using a 1 x 1 x 1 Monkhorst-Pack?” k-point grid with plane-
wave cutoff energy of 850 eV (i.e. energy threshold of 1 meV/atom). The
electronic energy convergence was set to 1 x 10° eV/atom. The geometry
optimisation was carried out using convergence thresholds of 1 x 10
eV/atom, 3 x 102 eV/A, 5 x 102 GPa and 1 x 10 A respectively for the
maximum energy change, maximum force, maximum stress and maximum
displacement. All NMR parameters were calculated on the optimized geometry
using the GIPAW approach.?®?® To facilitate the comparison between

computational and experimental results, the computed isotropic chemical
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shielding, ciso,cs, Wwas converted into isotropic chemical shift, diso,cs, USING Jiso,cs
= Gref + Moisocs. For 8Li, m and orer were taken from our calculations of Li20,
LiOH and Li2CO3 and compared with shifts from the literature3° yielding oref =
89.47 ppm and m =-0.998. For 3'P, oref = 278 ppm and m = -0.999 were taken

from the literature.?’
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5.5 Results and Discussion

5.5.1 3P MAS NMR

3P MAS NMR was deployed in order to gain insight into the local environment
of the PO4* tetrahedra (Figure 5.3). At short recycle delays (< 20 s) vs. the T+
times of LisP5s014 (~1600 s), a broad peak emerges at ~ -25 ppm,
corresponding to an amorphous phase that was not detected through
diffraction measurements. As the recycle delay is increased a number of
narrow resonances appear centred at ~ -40 ppm, typical for ultraphosphate
rings®? corresponding to the crystalline LisP5014 (Figure 5.3). The 3'P spin-
lattice relaxation (SLR) time for the sites in LisP5014 is extremely long (Table
5.1) therefore much longer recycle delays are required in order to observe the
resonances. The long relaxation times of the 3'P resonances of LisP5014 is
due to the lack of efficient pathways for relaxation (see Chapter 1 section 1.4)
with the nearest NMR active nuclei to the P atoms being the low natural
abundance 70O (0.038%) any dipolar or quadrupolar relaxation from 7O nuclei
will be minimal. The primary mechanisms for 3'P SLR will likely come from
chemical shift anisotropy (CSA) and homonuclear dipolar to neighbouring 3'P
nuclei, as well as heteronuclear dipolar relaxation and quadrupolar relaxation
from the nearest “Li nuclei, however these interactions decrease significantly
with interatomic distance, hence the most prominent relaxation mechanism will
likely be CSA. This conclusion is supported by the extremely long SLR times
for 3'P, as a predominantly dipolar or quadrupolar relaxation pathway would
likely lead to faster relaxation. From the experimental spectrum, at least 18

resonances can be discerned, while 20 crystallographically distinct, equally
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populated 3'P sites are expected from the crystal structure (Figure 5.2).
However a number of the resonances are overlapping due to the rather similar
chemical environments of the PO4* tetrahedra, challenging the assignment of
the 3'P resonances. In order to support the assignment of the spectrum of
LisP5014, calculations of the NMR parameters using the GIPAW?328 approach
as implemented in CASTEP?® were performed in order and allowed for the
simulation shown in green in Figure 5.3. There is a reasonable agreement
between the GIPAW simulations with the experimental spectrum of LizP5014,
therefore to a good degree of confidence the model used is suitable in order

to assign the resonances observed experimentally.
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Figure 5.3 3'P MAS spectrum of LisP5014 collected 9.4 T and wv/2r = 10 kHz
with the spectral assignment based off the DFT simulations. The experimental
spectrum (full black line), total fit (dashed black line), spectral deconvolution
(dotted lines) and GIPAW-simulated spectrum (green line) are shown. The
assignments of the 3'P resonances are also shown, where type i, type ii, type

i and type iv PO4* groups are coloured in pink, blue, red and orange

respectively.
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Table 5.1 Summary of the assignment of the 3'P MAS NMR spectrum of

LisPs014 and SLR times obtained through the saturation recovery pulse

sequence.
. 31P chemical shift /
Type Assignment Ti/s
ppm
P2 -51.9 1938 + 119
P5 -40.0 1731 + 68
P6 -37.2 1663 + 86
P10 -44.5 1758 + 145
Type i
P12 -44.5 1758 + 145
P15 -43.7 1613 £ 63
P16 -44.5 1758 + 145
P19 -42.6 1590 + 87
P1 -42.1 1603 + 38
P7 -30.5 1380 + 160
Type ii
P11 -27.9 1580 + 256
P14 -37.7 1688 + 98
P3 -28.9 1496 + 169
P9 -32.5 1562 + 77
Type iii
P17 -32.5 1562 + 77
P20 -35.1 1652 £+ 79
P4 -28.9 1496 + 169
P8 -35.9 1688 + 181
Type iv
P13 -31.7 1553 + 126
P18 -32.5 1562 + 77
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Upon close inspection of the crystal structure of the ultraphosphate layer in
LisPsO14, two types of rings (A and B) repeat along the b-axis (Figure 5.4(a)).
The PO4* tetrahedra in these rings can be divided into two categories, PO4s*
groups that have three bridging O atoms to other PO4% groups (type i) (shown
in pink in Figure 5.4) and ones that have two bridging O atoms to other
phosphate groups. This second group can be further sub-divided into three
more categories, the first corresponds to PO4% tetrahedra at the centre of the
conjoined rings and are the only P atoms that are not shared between rings A
and B, i.e P1, P7, P11 and P14 (type ii) (shown in blue in Figure 5.4). The
remaining two sub-groups correspond to the remaining PO4% tetrahedra that
have bridging O atoms with two other phosphate groups and are differentiated
from one another by their respective positioning relative to one another along
the c-axis (Figure 5.4(b)). The P atoms that are found at the upper part of ring
A or B are shown in red (type iii) and those at the lower part of the ring are

shown in orange (type iv).
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Figure 5.4 Crystal structure of LisPsO14 displaying (a) the different
crystallographic P sites, (b) view along the b-axis highlighting the subtle
difference between the orange and red polyhedra and (c) the two types of
interconnecting ultraphosphate rings. Chains of ring A and B along the b-axis
are interconnected through sharing PO4* tetrahedra. PO4% groups are colour
coded according to their type (see text) where type i, type ii, type iii and type

iv PO4* groups are coloured in pink, blue, red and orange respectively.
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GIPAW simulations allow for the resonances in the 3'P MAS NMR spectrum
of LisPs014 to be rationalised with the crystal structure (Figure 5.3). The
resonances associated with type i PO43 groups tend to appear at lower
chemical shift, due to three other phosphate groups in close proximity leading
to an increased degree of shielding of these 3'P nuclei. There does not appear
to be any visible chemical shift trend between type ii-iv phosphate groups,
however the overall trend that is observed across all groups is related to the
LiO4 tetrahedra that share bridging O atoms with the corresponding phosphate
group. Resonances appear at chemical shifts related to the number of O atoms
in the LiO4 tetrahedra that are bonded to three other atoms. For example, P2
shares a bridging O with a Li atom that has three O atoms that have bonds to
three atoms. This Li atom then does not donate as much electron density to
these three Li-O bonds and hence a larger degree of electron density remains
within the ionic radius of the Li atoms, leading to an increase in shielding of
the nearby 3'P nucleus. P2 is the only site of type i that possesses this feature,
leading to the increased shielding and lower chemical shift. Moreover, since
P2 also shares bridging O atoms with three other phosphate groups (which
will have inherently more electron density), this increase in shielding of the
nearby Li atom will lead to a more spherical distribution of electron density
around P2. Subsequently, this causes there to a smaller degree of CSA and a
less efficient pathway for SLR, causing P2 have an increased T+1 of 1800 s
compared to ~ 1600 s for the other P resonances. This trend is also observed
across the rest of the resonances, with the T1 time increasing with the number
of bridging O atoms with three bonds and the resulting increase in symmetry

of the electron density distribution leading to a smaller degree of CSA.
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31P-31P gpin diffusion NMR spectra (Figure 5.5-5.8) as a function of mixing
time, tm were utilised in order to attempt to further rationalise the structural
assignment of the 3'P NMR spectrum of LisPsO14 with the crystal structure
obtained through diffraction techniques. Experimentally observed off-diagonal
cross peaks in the 2D spin diffusion spectra emerge at the corresponding
chemical shifts between sites that undergo chemical exchange or are in close
spatial proximity, through dipolar coupling mediated spin diffusion.3334 Since it
is highly unlikely that the 3'P atoms in LisPsO14 exchange from one another, it
is safe to assume that any observed cross peaks are due to spin diffusion. The
number of observed cross peaks is expected to increase with tm as during this
time the spins are allowed to diffuse throughout the structure, hence a longer
tm allows for the spins to diffuse to sites further away from their origin. The rate
at which cross peaks emerge and build as a function of tm can be fitted and
corresponding dipolar coupling constants, dj can be extracted and hence
interatomic distances can be calculated, allowing for a full spectral
assignment. However, due to time constraints arising from the exceptionally
long 3'P SLR time, T1 (~1600 s) a full range of tm values was not possible in
this case, therefore the acquired spectra are used qualitatively in this case in
order to confirm experimentally the assignment proposed by computational
prediction of the 3'P data. At tm = 50 ms (Figure 5.6), the emergence of cross
peaks can be seen between several sets of sites and as tm increases to 250
ms (Figure 5.7), further cross peaks are clearly visible and this trend continues
as tm increases to 1 s (Figure 5.8). It is often difficult to observe low intensity
cross peaks in the 2D spin diffusion NMR spectra and it is often easier to

extract 1D horizontal slices of the 2D spectra at the chemical shifts of the
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observed peaks to observe cross peaks. This method was utilised here to

observe as many of the cross peaks as possible (Figure 5.9).
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Figure 5.5 2D 3'P-3'P spin-diffusion NMR spectra of LisPs014 recorded at
or/21t = 10 kHz in the absence of exchange (mixing time of 0 s) with diagonal

peaks shown in black.
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Figure 5.6 2D 3'P-3'P spin-diffusion NMR spectra of LisPs014 recorded at
or/2n = 10 kHz and a mixing time of 50 ms with diagonal and cross peaks

shown in black and blue, respectively.
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Figure 5.7 2D 3'P-3'P spin-diffusion NMR spectra of LisPs014 recorded at

or/21 = 10 kHz and a mixing time of 250 ms with diagonal and cross peaks

shown in black and blue, respectively.
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Figure 5.8 2D 3'P-3'P spin-diffusion NMR spectra of LisPs014 recorded at
or/27 = 10 kHz and a mixing time of 1 s with diagonal and cross peaks shown

in black and blue, respectively.
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Figure 5.9 Extracted horizontal slices of the 2D spin-diffusion NMR spectra of

LisP5O14 with tm = 1 s, at the positions of the peaks on the diagonal in the 2D

spectrum. The assignment and positions of the many different peaks are also

shown by grey dashed lines. Double lines show where the intensity of

resonances has been cut off for clarity.
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A full report of the observed cross peaks (at tm = 1 s) is available in Table 5.2
along with a range of interatomic distances between the P sites in LisP5014
obtained from the assignment of the 3'P MAS spectrum based off the GIPAW
calculations. P atoms that share bridging O atoms in LisP5014 are separated
by an interatomic distance of approximately 2.8 A. At an interatomic distance
of less than 3 A, it is expected that cross peaks would be clearly visible, at a
distance of less than 5 A a tm = 1 s should be sufficient to observe cross peaks.
Many of the assigned sites in the 3'P spectrum match well with what would be
predicted from DFT, for example sites 1,2,6,8,9,17 and 18 all have cross peaks
with sites within 3 A and a number of sites within a distance of 5 A. However,
clearly there are a number of discrepancies in the experimentally observed
cross peaks with the assignment of the 3'P NMR spectrum using GIPAW
computations, namely sites: 10,11,12,13,14 and 20 which do not observe
cross peaks with sites within 3 A as would be predicted. Further work is
required in order to rationalise the 3'P assignment of the 1D spectrum of
LisPsO14 based off of DFT calculations with the experimentally observed 3'P-
31P spin diffusion experiments, one way of addressing this would be through
the Incredible Natural Abundance Double Quantum Transfer Experiment
(INADEQUATE) in order to further correlate the various P atoms that share

bridging O atoms through 2Jpp coupling.3%-37
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Table 5.2 Summary of the interatomic distances between different P sites in

LisPsO14 determined through a combination of diffraction data’ and DFT, with

the cross peaks observed in the 3'P-3'P EXSY NMR spectra at tm = 1 s. Sites

listed in brackets are unresolved and are hence grouped together.

Interatomic distance to other P sites/ A

Cross peaks

Site <3 <5 <6 > 6 observed
5,8
6,9,13,16, 3,4, .8, 2, (10,12,16),11,19
1219 %5 b 10,11,12,14,15, -
17
1
13, 12,13,14,15,16, ’
2 P s7e9t010 et s (4501718112
12.13.14,15.16,
3 25 46781011 19 5750400 211,13,
7.12.13,15,16 1
4 210 35691114 18 "B 211,13,
3.8, 1713151617, 2, (6.14).8,
5 4y 24691214 10, 18.19.20 (10,12.16),19.20
7.8, 1112,13,14,15,
6 5 13451016 2 LIRSS 578 (9,17,18)11,20
oo 23894317, . 4510111214, (6,14), (9.17.18),
: 18,19 15,20 (10,12,16), 11,13,20,
410 112.13.15.16.1
8 56 237914 ) MAPION 5, (6,14)
2.(6.14).7.8,
9 610 12457814 3 12137010 (9.17.18),
18,19, (10,12,16),15,19,20
4.9, 1712131617,
10 42 23671115 8 1o 19o0 " 15.7.(9.17.18),15,19
34131517, 2.8, 12, 347,
1 512 o 1y 1679181810 (LRGN
12 151 514161819 121 12346789 157,(9,17,18),1519
12.1 181 234568910,
13 21 q7aa720 18 i (3.4), 7,11,20
4 104 45891247, 111 1236,7,1316, 5.7.8,
5 20 8 19 (9,17,18).11,20.7
s 141 10116192 ., 123456789 (9.17.18),
7,18 0 13 (10,12,16),11
7.13 181 2,34589101
16 " 16121520 G o 157, (9,17,18),15,19
o 151 711131418 122 1234568091 2, g6’1174)1’87'8’
6 19 0 0 (9,17.18)

(10,12,16),15,19,20
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2,(6,14), 7,8,

18 1%1 1,7,12,17,20 131'; 2'3’4’5'161’8’9'10' (9.17,18).
: (10,12,16).15.19,20
118 131 345689101 15, (9.17,18),
19 59 27121517 4 114 (10,12.16)
0 121 111131415 234567891 125, (6,14)7,
9 16,18 0 (9.17.18),11,13

5.5.2 Static 3'P Variable Temperature NMR

Static 3'"P NMR spectra as a function of temperature are shown in Figure 5.10
and display a complex pattern composed of many overlapping CSA powder
patterns. The significantly large number of P sites with varying anisotropic
chemical shielding, caniso and isotropic chemical shifts, diso challenges their
resolution in a static 3P NMR spectrum. However the primary observation of
this set of experiments is that over the 295-520 K temperature range, the
observed pattern of resonances remains unchanged. An approximate value of

Ganiso can be visually determined from the width of the static 3'P NMR spectrum

of around 320 ppm. This value compared with the average value of oaniso
obtained from the GIPAW calculations (at 0 K) of 264 ppm, indicates that PO4*-
reorientation occurs at a rate slower than the NMR linewidth of 4.3 x 10% s,
However, since the large number of P sites challenges the resolution in the
spectrum, CSA values for the individual sites cannot be determined. Another
reason for the lack of linewidth narrowing is that phosphate reorientation may

not occur about the correct PAS, i.e oP2AS (Chapter 1 section 1.1).
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Figure 5.10 Static 3'P NMR spectra as a function of temperature for LisPsO14,
displaying the broad CSA pattern that remains largely the same with

temperature, indicating a lack of PO4% reorientation motion.

5.5.3 5Li MAS NMR

Further information on the local arrangement of the atoms in LizsP5014 can be
obtained through 6Li MAS NMR (Figure 5.11). The 5Li MAS NMR spectrum of
LisPsO14 displays several overlapping resonances centred at ~ -1 ppm, five
resonances can be deconvoluted in the observed pattern with integrations of
1:22:4.6:2:1.9 while 12 resonances of equal intensity expected from

diffraction measurements, which corresponds well with the sum of the
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integrations obtained from NMR. Due to the large number of expected
resonances and the complex nature of the LisO16%®- chains, GIPAW
calculations of LisPsO14 were implemented for the assignment of these

resonances in the two LisO16%% chains (Figure 5.12).
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Figure 5.11 5Li MAS spectrum of LisPsO14 along with the spectral assignment
based off the DFT calculations. The experimental spectrum (full black lines),

total fit (dashed black lines), spectral deconvolution (dotted lines) and GIPAW

simulated spectrum (green lines) are shown.
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Figure 5.12 Crystal structure of the Li polyhedral layers in LizP5014 displaying
the two types of LisO16%% chains, type A (red) and type B (blue), with different
connection modes along with two distinct vacant tetrahedral sites at the

terminating ends.

Upon closer inspection of the Li polyhedra and the assignment of the shifts
using the GIPAW calculations, we observe the same trend as observed in the
3P NMR, in that the observed shielding is related to the number of O atoms
in the Li polyhedra that are bonded to three other atoms. For example, in the
LiOa4 tetrahedra for Li1 and Li7, all of the O atoms in this tetrahedra are shared
between three atoms, leading to an increase in electron density around the Li
nucleus and a lower shift. These two Li sites also edge share with adjacent
LiO4 tetrahedra, leading to a decrease in the Li-Li interatomic distance (~ 2.5
A) and additional shielding of this site. The resonances associated with the
remaining Li sites also follow this trend, with the observed shift increasing as
the number of O atoms in the Li polyhedra that have three bonds decreases.
Notably, our assignment seems to disagree with the semi-empirical
correlations relating the lithium coordination environment and 6Li NMR shifts,38

with the distorted square pyramid site appearing at a higher shift than a
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number of the tetrahedral LiO4 sites. However, this observation is not entirely
unexpected as the additional shielding from one additional O atom will be
minimal, moreover the extremely narrow chemical shift range of Li means the
assignment of a number of Li resonances based off of coordination number is
more complex than this first approximation and computational calculations

appear to be more reliable.

5.5.4 'Li Line Narrowing NMR

Insight into the local ionic mobility of LisPsO14 was obtained through solid-state
NMR. The temperature dependence of the static ‘Li NMR spectra over the
250-560 K temperature range is shown in Figure 5.13. At temperatures below
~385 K, ’Li ion mobility is in the rigid lattice regime; therefore, the 1/2 <> =1/2
central transition is broadened by the strong ’Li—’Li homonuclear dipolar
coupling, as well as "Li->'P heteronuclear dipolar coupling and an NMR line
width of ~4.5 kHz is observed. As the temperature is increased above 385 K,
where the onset of motional narrowing occurs, the line width decreases due to
the increasing motion of the ’Li spins at frequencies larger than o/2n
continuously averaging dipolar interactions. Using an expression introduced
by Waugh and Fedin,® relating the onset temperature of motional narrowing
(Tonset) With the activation energy of the diffusion process, given by equation

5.2

E,=1.67 X 1073 Ty,cet (Eq. 5.2)

an approximate activation energy of 0.6 eV can be estimated for LisP5014. We

note that this value is only an estimate (hence no error is quoted) given the
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validity of the Waugh and Fedin expression, which does not take into account
structural complexity*®#! (LisP5O14 has 12 crystallographically different lithium
sites), the fraction of fast moving Li* ions,*' and complete numerical
simulations of the “Li NMR line shape. As the temperature is increased even
further (>500 K), LisP5sO1s is in the fast motional regime, resulting in averaging
of the dipolar interaction through increased mobility, giving rise to narrow
spectra with line widths of ~750 Hz. The Li* jump rate, ¢, is on the order of
the 7Li central transiton NMR line width in the rigid lattice regime and
quantified at the temperature of the inflection point, yielding a value of 2.8 x

10% s"1 at 424 K.
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Figure 5.13 (a) ’Li NMR spectra as a function of temperature for LisP5O14. (b)
Temperature dependence of static ’Li NMR line width as a function of
temperature. The solid line is a sigmoidal regression fit and is a guide to the

eye. The onset temperature of motional narrowing (Tonset) is indicated.

The NMR and AC impedance spectroscopy activation energies are cautiously
comparable (~0.6 vs 0.43(7) eV) given the largely different approaches used

that could potentially lead to contrasting values as observed for a range of
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different mobile ionic species,*?*** the validity of the Waugh and Fedin
expression, the measurement uncertainty in the experimentally reported
activation barriers based on AC impedance spectroscopy,* and the possibility

of multiple available pathways for Li* hopping processes.

5.5.5 Relaxation Measurements

In order to gain insights into the Li ion mobility in LisP5014, SLR rate constants
in the laboratory frame T+ and the rotating frame T1,' were measured,
through which information on the ion dynamics on the MHz and kHz can be
obtained, respectively. The motion of atoms or functional groups causes a
random change of the local magnetic fields, which leads to relaxation.
Quantitative information on the ion mobility process is contained in these
microscopic changing fields and how the Li ions interact with them. tc
describes the timescale of these fluctuations and Bloembergen-Purcell-Pound
(BPP) theory postulates that the main factor influencing the reorientation of the
local magnetic fields is the increased mobility of “Li nuclei with rising
temperatures. The spectral density function J(wo) quantifies the motion at the

Larmor frequency wo:4647

27T,
J(wo) = G(0) <—> (Eq. 5.3)

1+ wit?

where G(0) is the value of the correlation function at time t = 0, and is equal to
the mean square of the local magnetic fields. Since the primary factor affecting

the reorientation of the local magnetic fields in this work is the increased
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mobility of Li nuclei and consequently temperature dependent changes in tc

are solely induced by the diffusion and follow an Arrhenius relation of the type:

E
T 1 = Togexp (— k;l‘) (Eq. 5.4)

where 1c,0' is the Arrhenius pre-exponential factor, T is the temperature and
ks is the Boltzmann constant. In order to gather information on the activation
energy, conductivity and dimensionality of the Li diffusion processes, the
temperature dependence of the ’Li SLR rate constants under static conditions

were collected and exploited.

The SLR T+ rate constants for LisPs014 are largely temperature independent
in the 250 to 330 K temperature range and vary from 3 to 4 x 103 s'. This is
to be expected in this regime where the SLR rates are not diffusion-induced
due to the absence of (translational) Li ion mobility*8. Upon heating LisP5014
from 330 to 520 K, T+ increases from 4 x 103 to 0.9 s which follows
Arrhenius behaviour and hence an Ea of 0.58(7) eV can be extracted (Figure
5.14). The increase in SLR T+ rate constants with higher T imply data in the
low temperature flank of the SLR rate constants, which are indicative of short-

range motional processes.
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Figure 5.14 Arrhenius plots of 7Li and 3'P NMR SLR rate constants in the

laboratory (T+') at wo/2n = 156 and 162 MHz, respectively (blue triangles) and
rotating frame (T1,") at w1/2n = 25 (red circles), 50 (purple circles) and 80 kHz
(green circles) for ’Li and 25 kHz for 3'P. 7Li SLR rate constants are denoted
with filled shapes, while 3'P SLR rate constants are represented by empty
shapes. The coloured ticks on the temperature scale represent the position of
the T1,' maxima, note the maxima for w1/2n = 25 and 50 kHz occurs at the
same temperature and a tick alternating in red and purple is used in this case.
Coloured dashed lines outline the fitting of the experimental data to equation

5.7.
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The SLR rates recorded in the rotating frame were obtained at three different
spin-lock frequencies of w1/2x = 25, 50 and 80 kHz (Figure 5.14). The rates
initially increase with temperature (hence the low temperature flank and
characterise local short range motional processes) with an activation barrier
of 0.9(2) eV. Upon further heating, the SLR T1," rate constants reach a
maximum value (at 470 K for ®1/2x = 25 and 50 kHz and 480 K for o1/2n = 80
kHz) before decreasing once more with an Ea of 0.7(1) eV, this high
temperature flank contains information for the long-range Li ion mobility. The
3P SLR rates recorded in the laboratory frame remain consistent over the
observed temperature range (~ 102 s'), suggesting PO4% group rotation is
minimal as demonstrated by the 3'P CSA data discussed above. The SLR
rates in the rotating frame, at a spin-lock frequency of 25 kHz, increase with
an activation barrier of 0.5(1) eV. If for instance PO4* group rotation was
correlated with ion mobility (such as been observed previously in the
literature*®-°) the 3'P and 7Li BPP curves would be expected to have the same
Ea as well T1,' maxima position. Importantly, both the activation barriers
observed on the low temperature flanks of the 7Li and 3'P BPP curves are
different, and the absence of T1,”' maximum for the 3'P SLR rates while
maxima are observed for ’Li at 470 and 480 K, these observations are

indicative of “Li translational ion mobility not being correlated by PO4* rotation.

At the temperatures of the T1,"! maxima, the Li* ¢! values are on the order of

the spin-lock probe frequency w1 and satisfy the following relationship:5

2w, T = 1 (Eq. 5.5)
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¢! values on the order of 3.2 x 105 - 1.0 x 10° s' are therefore obtained at
470 and 480 K (the experimentally collected T+, rates for w1/2n = 25 and 50

kHz have maximum values at the same temperature, smaller intervals in

temperature would likely lead to separate maxima) for LisP5O14.

The SLR values can be further parameterized using the following expression

to extract tc from T4 rates:

1 _ K( kL + Te ) Eq. 5.6
T, B 1+ (et ) 1+ 4(wot)tHe (Eq.5.6)

and from T1,":

1 _ K(§ Te L2 h: + ki ) (Eq. 5.7)
Tip 214+ 40t ) 214 (0et)™ 14+ 4(wot )1+
where K is the local fluctuating magnetic field term in these expressions which
depends on the relaxation mechanism and X in this case is the exponent of
the underlying exponential correlation function and ranges from O to 1. A = 1
describes a Lorentizian-shaped J(o») and is ascribed to uncorrelated three-
dimensional motion, A <1 accounts for asymmetry in J(®) and often indicates

correlated motions when found on the low temperature flank.

In the case of spin 3/2 nuclei such as “Li, where homonuclear dipolar relaxation
is the dominant relaxation mechanism , K is proportional to the square of the

dipolar coupling constant and is given by:%?

3 2 41;12
K = E(:_D Yr6 (Eq. 5.8)

258



where po is the permeability of free space, h is the reduced Planck’s constant,
v is the gyromagnetic ratio of the nuclear spins and ris the interatomic distance
between the two nuclear spins. In the case of quadrupolar relaxation being the
dominant relaxation mechanism, K is proportional to the quadrupolar tensor

parameters and expressed as:

1, na

where na is the asymmetry parameter. It is possible to postulate a dominant
relaxation mechanism through &7Li NMR and is best obtained from comparing

6Li and “Li T+1 time constants under static conditions.%3

Given the power law of 4 and quadratic dependencies of T+ rate constants
on yas well as the quadrupolar moment Q in the dipolar and quadrupolar

relaxation mechanisms, respectively, a ratio of

T, ("Li) y*('Li)
T, (°Li) v2(6Li)y2(7Li)("Li)[(°Li) + % (L]

~0.5 (Eq. 5.10)

is expected in the case of dipolar relaxation, while a ratio of

LCL)  QA(LD

e < e~ X0 (Eq. 5.11)

is anticipated for a quadrupolar relaxation mechanism. In the case of LizP5014,
an experimental T1("Li)/T1(5Li) ratio of 2(1) x 102 was obtained at room
temperature under static conditions, suggesting that the overall SLR is caused

by either cross relaxation processes or a combination of the two mechanisms.
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By combining equations 5.4 and 5.7, an expression of the SLR rate in the
rotating frame T1,"' dependent on T can be extracted in order to determine the
parameters K, t;g, Ea and A. Corresponding fits to the experimental data are

shown in Figure 5.15 with the fitting parameters summarised in Table 5.3.
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Figure 5.15 Zoom of the Arrhenius plots focussing on the ’Li NMR SLR rate
constants in the rotating frame (T1,") at w1/2n = 25 (red circles), 50 (purple
circles) and 80 kHz (green circles). Coloured dashed lines outline the fitting of

the experimental data to equation 5.7.
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Table 5.3 Summary of the parameters obtained from T1,"' relaxation

measurements via the experimental T1,”' maxima (equation 5.5) and

through fitting the data in Figure 5.14 with equation 5.7. Values of t;, Ea

and A are extracted from the fits to the data in Figure 5.14.

w1/27 [kHz Method K /HZ? Teg /s Ea/eV A
Maxima 6(1)x108
25 9.0x102  0.67(5) 0.94
Simulation 5.4(3) x108
Maxima 7(1) x108
50 2.3x10"2 0.60(6) 0.99
Simulation 6.4(3) x108
Maxima 8(1) x108
80 4.8x10"  0.53(5) 1
Simulation  8.0(4) x108
Maxima 7(1) x108
Average 3.9x10"2 0.60(6) 0.98
Simulation 6.6(3) x108

At the “Li T1," maxima, substituting equation 5.5 into equation 5.7 enables
experimental determination of K, a value of 7(1) x 108 Hz?, averaged over the
three consistent values of K for the three spin-lock frequencies were extracted
for LisPsO14 which agrees well with the average value of 6.6(3) x 108 Hz?
obtained from the fitting of the experimental data in Figure 5.14. This is to be
expected as the two methods are models of the same expression (equation
5.7) however the method used from the experimental maxima will likely be
slightly less accurate, as the value of T+, obtained experimentally may not be
the maximum, it is very unlikely that the exact temperature chosen to record
this data was the optimum temperature to achieve the highest value of T+,

This value of K can then be used in order to convert experimental T+, values
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to tc estimates at each temperature using equation 5.7 (Figure 5.16) and

allows access to NMR-reived 1! values at all temperatures.
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Figure 5.16 "Li T1," versus 1c for LisPsO14, collected at spin-lock frequencies
of w1/2n of 25 (red), 50 (purple) and 80 kHz (green), the solid lines are those
obtained from equation 5.6 using the experimentally determined local field

fluctuation term of 7 x 108 Hz? (average value from Table 5.3).
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SLR T1,7" rate constants at different frequencies provide information on the
dimensionality of the Li* diffusion process and, for diffusion-induced rates in
solids, the high temperature limits of the spectral density function J(»1) have
the following frequency dependence to (tc/w1)%%, tcIn(1/m1tc) and tc for one,
two and three-dimensional diffusion processes, respectively.54% The T+, rate
constants on the high temperature flank of LisP5014 are independent of the
spin-lock  frequency ®i/2n (Figure 5.14), strongly demonstrating
experimentally the presence of three-dimensional Li ion mobility in this
material, which is in good agreement with the bond valence sum (BVS)%
mapping previously reported and arising from DFT data.! This 3D pathway is
believed to occur both via an inter-layer (transport between two adjacent Li
polyhedral layers with c-direction connectivity) and intra-layer, (transport in the
Li polyhedral layer in the ab plane. The ordered LisO16%% chains shown in
Figure 5.12 along with the vacant tetrahedral sites form a possible intra-layer
lithium diffusion pathway in the Li polyhedral layer. The intra-layer migration
could occur either by a hopping mechanism of Li ions along the LisO162% chains
or by hopping between the two types of LisO16%%" chains, where the local jumps
between the two types of LisO16%% chains involved are between the two
tetrahedral vacancies and adjacent LiO4 tetrahedra or the distorted square
pyramid site. The potential inter-layer Li migration pathway occurs between
the 12-membered P12036'% rings that provide a window that mobile Li ion can

traverse.
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5.5.6 "Li Spin-Alignment Echo NMR

T1 and T1p measurements probe Li ion mobility on the MHz and kHz scale,
respectively, and slower motion on the Hz and sub-Hz scale can be obtained
from SAE NMR, approach which also has the added benefit of allowing for
direct measurement of tc' at any given temperature.*®5-59 The underlying
principle of SAE NMR spectroscopy is similar to that of 2D EXSY NMR,°
where instead of utilising a change in the chemical shift interactions, SAE NMR
takes advantage of a change in the interactions between the quadrupole
moment of the nucleus with the EFG tensor when exchange occurs. For this
purpose, ‘Li SAE NMR spectra of LisPs014 were recorded as a function of tm
at temperatures of 295, 330 and 373 K and the resulting data capturing the
echo amplitude decays are shown in Figure 5.17. If sufficiently long tm values
are used, the resulting echo amplitudes have a two-step decay as can be seen
in (Figure 1.11 in Chapter 1), where the first decay step is directly
characterised by the Liion jump processes between electronically inequivalent
sites, while the second decay step is characterised by the quadrupolar
component of the SLR, T1.a. Thus the part of the curve governed by Li ion
motion is captured in the decay curves of LisPsO14. Solid lines in Figure 5.17
show fits to equation 5.1 through which, Li ion tc* values of 0.6(1), 7(1) and
114(8) s™' were obtained at 295, 330 and 373 K, respectively. A linear slope
between these three data points yields an activation barrier of 0.62(5) eV, in
good agreement with the values obtained from ’Li line narrowing and SLR

measurements.
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Figure 5.17 ’Li SAE NMR echo amplitude as a function of tm at 295, 330 and
373 K. Solid lines show fits to the one-time correlation function (equation 5.1)
with stretch exponential values y of 0.62, 0.56 and 0.65 for the three

temperatures, respectively.

5.5.7 NMR-derived Li* ion tc! values

NMR-derived jump rates tc' obtained from ’Li line narrowing experiments
(Figure 5.13), SAE (Figure 5.17), relaxometry experiments (Figure 5.14) and
BPP simulation for m1/2n = 25 kHz are plotted against reciprocal temperature
in Figure 5.18 (data for w1/2n = 50 and 80 kHz are given in Figures 5.19 and
5.20, respectively). There is an excellent agreement between the ¢! values

obtained from 7Li line narrowing spectra, SAE and relaxometry data and this
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data agrees reasonably well with the 1<’ values obtained from the BPP
simulations. An activation barrier for Li ion mobility in LisP5014 of 0.9(2) eV is
obtained from the slope of the experimentally obtained data points (excluding
the BPP simulations, which appear to overestimate 1" at temperatures below
~460 K), noting particularly large degrees of uncertainty are observed here,
likely due to the combination of various methods used. Hence, the energy
barriers obtained from ’Li line narrowing, SAE and SLR experiments are likely
more informative. The activation barriers obtained via the various
spectroscopic methods used here is summarised in Table 5.4 and are
consistently of around 0.6 — 0.7 eV. In particular there is a strong agreement
between Ea values obtained through ’Li line narrowing, T1,"' on the high
temperature flank, BPP simulation and SAE experiments. Values obtained for
Li T1,™" on the low temperature flank and through combining all jump rate
values obtained through the various methods however are not in full
agreement with the range of 0.6 — 0.7 eV. The discrepancy in the T+, on the
low temperature flank is likely as a result of the large errors associated with
collecting this data due to the very long T1, times that require continuous rf
pulsing for a duration that exceeds the probe capabilities and are hence not
measurable. While the discrepancy in the jump rate plots (Figures 5.18-5.20)
are likely due to the combination of various different methods which probe

dynamics in largely different ways.
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Figure 5.18 Arrhenius plot of Li jump rates 1! showing data points obtained
from BPP simulations (red triangles, o1/2n = 25 kHz), extracted from the onset
of “Li line narrowing of the variable temperature ’Li NMR spectra (black circle,
Figure 5.13), 'Li SAE experiments (empty coloured circles, Figure 5.17), SLR
rates in the rotating frame (T1,!) experiments (filled coloured circles, Figure
5.14) at spin lock frequencies m1/2n of 25 (red), 50 (purple) and 80 kHz (green),
respectively. The label for the spin locking frequency used in the BPP
simulation for this figure is underlined. Errors in the jump rate tc' are within

the data points.
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Figure 5.19 Arrhenius plot of Li jump rates 1! showing the points obtained
from BPP simulations (purple triangles, w1/2x = 50 kHz) Data were extracted
from the onset of ’Li line narrowing of the variable temperature Li NMR
spectra (black circle, Figure 5.13), 'Li SAE experiments (empty coloured
circles, Figure 5.17), SLR rates in the rotating frame (T1,"') experiments (filled
coloured circles, Figure 5.14) at spin lock frequencies ®1/2rn of 25 (red), 50
(purple) and 80 kHz (green), respectively. The label for the spin locking
frequency used in the BPP simulation for this figure is underlined. Errors in the

jump rate tc"! are within the data points.
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Figure 5.20 Arrhenius plot of Li jump rates 1! showing the points obtained
from BPP simulations (green triangles, m1/2n =80 kHz) Data were extracted
from the onset of ’Li line narrowing of the variable temperature Li NMR
spectra (black circle, Figure 5.13), 'Li SAE experiments (empty coloured
circles, Figure 5.17), SLR rates in the rotating frame (T1,"') experiments (filled
coloured circles, Figure 5.14) at spin lock frequencies ®1/2rn of 25 (red), 50
(purple) and 80 kHz (green), respectively. The label for the spin locking
frequency used in the BPP simulation for this figure is underlined. Errors in the

jump rate tc"! are within the data points.
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Table 5.4 Summary of the activation barrier for LisPsO14 extracted from
electrical impedance spectroscopy (EIS)," ’Li motional narrowing®® from
Figure 5.13, SAE NMR from Figure 5.17 and SLR data in the laboratory
frame (T1) and rotating frame (T1,) from Figure 5.14. Activation barriers on
both the high and low temperature flanks of the BPP curve are quoted, along

with the activation barrier obtained from the jump rate plots shown in Figures

5.18 - 5.20.
Activation Energy /eV
Waugh .
EIS? _ T+ Tt T1pntr BPPfit  SAE Jump rate
-Fedin

043(7) ~0.6 0.58(7) 0.9(2) 0.7(1) 0.60(6) 0.62(5)  0.9(2)
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5.6 Conclusion

In this chapter, the characterisation of the structure and quantification of the Li
ion dynamics in the newly synthesised LisPs014 has been reported. The
structure of the material was characterised initially through single crystal X-ray
diffraction (performed by Craig Robertson) and the local Li and P environments
investigated further via 6Li and *'P MAS NMR in conjunction with DFT
calculations in order to assign the large number of distinct sites. 3'P-3'P spin
diffusion experiments were employed in order to attempt to reinforce the
assignment of the P sites in LisP5014, however further work is required here in
order to fully assign the wide range of P sites. We employed a number of
complementary “Li NMR approaches in order to capture the Li ion dynamics
in LisPsO14. Static ’Li VT NMR, SAE NMR and relaxometry allowed for the
quantification of the Li ion dynamics. Moreover the frequency dependence of
the ’Li SLR rates in the rotating frame of reference, allowed for the
experimental verification of the proposed 3D Li ion pathway in LisP5014. Future
progress is also required in order to further characterise the Li ion mobility
pathways in LisP5014 in order to quantify the ion exchange rates between the

many different sites. (For details of future work see Chapter 6)
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6. Overall Conclusions and Outlook

6.1 Conclusions

Throughout this thesis the research presented has utilised solid-state nuclear
magnetic resonance (NMR) spectroscopy in order to probe both the structures
and the Li ion dynamics of a variety of potential solid-state electrolyte
candidates for use in all solid-state batteries. The identification of factors
limiting long-range translational Li diffusion and understanding the effects of
structural modification on Li-ion mobility provide a framework for the further

development of more highly conductive Li solid electrolytes.

Chapter 3 was comprised of a series of works'? regarding the newly
synthesised aluminium sulfides, Li3AlS3 and Lis.3AIS3.3Clo.7. SLi and 2’Al MAS
techniques in conjunction with density functional theory and x-ray diffraction
were used in order to derive the structures of the two phases, while a range of
variable temperature Li and “Li nuclear magnetic resonance approaches were
used in order to determine Li-ion mobility pathways, quantify Li-ion jump rates,
and subsequently identify the limiting factors for Li-ion diffusion. Static ’Li NMR
line narrowing spectra of LisAlSs show the existence of both mobile and
immobile Li ions, with the latter limiting long-range translational ion diffusion,
while in Lis3AIS33Clo7, a single type of fast-moving ion is present and
responsible for the higher conductivity of this phase. The slowly moving ions
hop between non-equivalent Li positions in various structural layers, as shown
by the 6Li-SLi exchange spectroscopy (EXSY) spectra of LisAlSs. Li-ion jump

rates that are considerably higher for the doped material were extracted
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through spin-lattice relaxation (SLR) data, which also identifies three-

dimensional Li mobility pathways in both materials.

Chapter 4 contained the NMR contribution to the analytical techniques used
in the collaborative work, reporting an unsupervised machine learning
technique for the identification of new materials.* The newly synthesised
Lis.3SnS3.3Clo.7 was identified through this method and the structure
characterised through diffraction and NMR techniques. ’Li line narrowing and
relaxation measurements allowed for the quantification of Li ion jump rates
which were extrapolated and converted to a room temperature conductivity
value of 2.6(7) x 10° S cm™'. When combined with the findings from the nuclear
density obtained using the maximum entropy technique, detailed analysis of
the frequency dependence of the NMR relaxation rates showed low-
dimensional Li-ion diffusion, which revealed the Li ion pathway to be one-
dimensional. This pathway was found to pass through a shared face along the

c-axis through Li octahedra.

Finally, Chapter 5 contained the NMR contribution to the original reporting of
the structure and quantification of the Li-ion mobility in the ultraphosphate
phase LisP5014° along with the ongoing work probing the local structure and
ion dynamics through solid-state NMR. Li3P5014 is reported to have the
highest Li-ion conductivity (8.5(5) x 10”7 S cm-') and lowest activation energy
(0.43(7) eV) of all of the ternary lithium phosphates, with a conductivity
comparable to that of LIPON glass thin film electrolytes, with an increased
thermodynamic stability against oxidation. 6Li and 3'P magic-angle spinning
(MAS) NMR were utilised in order to characterise the local Li and P
environments in conjunction with density functional theory in order to
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tentatively assign the large number of crystallographically distinct sites. The
Li-ion dynamics were quantified using static “Li line narrowing NMR, spin-
alignment echo (SAE) NMR, and relaxometry. Further, the experimental
confirmation of the suggested 3D Li ion pathway in LisPsO14 was made
possible by the frequency dependence of the “Li SLR rates in the rotating

frame of reference.

Overall, the solid-state NMR spectroscopy research of four newly reported
solid-state electrolyte candidates has been presented in this thesis, three of
which are sulfides while the final material is an oxide. In each case, the local
structure of the constituent atoms have been determined through MAS NMR.
The Li-ion dynamics of all four materials have been probed via %’Li NMR over
a wide range of timescales from ns to s, with such a broad range of timescales

being inaccessible through other experimental techniques.
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6.2 Future Work

Both Chapter 3 and 4 demonstrate a full characterisation of the structures and
ion dynamics in the materials being reported, through a combination of
diffraction techniques along MAS NMR and a range of complimentary 67Li
NMR techniques. Chapter 5 requires further work in order to expand upon the
Li-ion dynamics in LisP50O14, while the ion dynamics have been quantified
through “Li line narrowing, SAE NMR and relaxometry, the site specific
information that leads to the identification of the Li-ion mobility pathway and
potential rate-limiting steps (such as in LisAlSs in Chapter 3) has not been

accessed.

Assessing the site specific Li-ion jump rates for the large number of Li sites is
challenged by the lack of resolution in the °Li MAS NMR spectrum. Two
possible methods for quantifying these Li-ion jump rates are firstly, °Li MAS
spectra as a function of temperature and observing the peak coalescence as
a result of motional averaging (see Chapter 3) and secondly °Li-SLi EXSYs as
a function of the mixing time, in order to model the resulting cross-peak build
ups. The challenge here, along with the lack of resolution, is the extremely
long SLi SLR time massively increasing experiment time. One solution to both
of these challenges is to perform these experiments at higher field, the
increased field strength increases resolution and signal, allowing for fewer

scans and a decreased experiment time.

Another aspect of the solid-state NMR data for LizsP5014 that requires further
work is the assignment of the 3'P resonances. In Chapter 5, the assignment

of the 3'P NMR spectrum (Figure 6.1(a)) relies upon the calculation of the
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NMR parameters from the geometry optimised structure using the GIPAW
approach.®” However, the assignment of these resonances does not fully
agree with the experimental correlations observed in the 3'P-3'P spin diffusion
NMR (Figure 6.1(b)). This is unsurprising, due to the large number of P sites
in extremely similar environments in LisP5014 and the relatively small chemical

shift range.
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Figure 6.1 (a) *'P MAS spectrum of LisP5014 collected 9.4 T and wr/2n = 10
kHz with the spectral assignment based off the DFT simulations. The
experimental spectrum (full black line), spectral deconvolution (dotted lines)
and GIPAW-simulated spectrum (green line) are shown. (b) 2D 3'P-3'P spin-

diffusion NMR spectra of LisPs014 recorded at a mixing time of 1 s with

diagonal and cross peaks shown in black and blue, respectively.
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In order to expand upon the 3'P NMR and rationalise further the NMR data
with the crystal structure, one option to enhance the results here would be to
perform further 3'P-3'P spin diffusion experiments as a function of tm, in order
to plot the cross peak build up and extract dipolar coupling constants by
modelling the data.? A second option would be further correlation experiments
such as 3'P-3'P Incredible Natural Abundance Double Quantum Transfer
Experiment (INADEQUATE) allowing for the correlation of the various P atoms
that share bridging O atoms through 2Jep coupling®'" or &7Li-3'P Rotational-
Echo Double Resonance (REDOR) NMR with refocussing on 3'P, in order to

extract heteronuclear dipolar coupling constants between the Li and P sites.'?
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