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Abstract

The rechargeable lithium-ion (Li-ion) battery is considered the technol-
ogy of choice for energy storage in a wide range of portable electronic devices,
including mobile phones and laptop computers. Despite the many advantages
of the Li-ion battery, its application is limited by its use of liquid electrolytes,
which are known to pose serious fire and safety risks. Hence, suitable alterna-
tives are urgently required. In recent years there has been considerable interest
in the development of all-solid-state batteries (ASSBs), with a particular focus

on novel solid electrolyte materials.

Recent literature suggests that Li-rich anti-perovskites (LiRAPs) could
be suitable solid electrolyte materials. LIRAPs have the general formula ABX3,
where A is a monovalent anion, B is a divalent anion, and X is a strongly elec-
tropositive monovalent cation. The LiRAPs Li3OCl and LizOBr have been re-
ported to possess ionic conductivities on the order of 107> S cm~!. However,
the precise conduction mechanisms and pathways that lead to such conduc-
tivities are poorly understood. Hence, studies are needed that can probe ion

mobility within these materials.

The work presented in this thesis focuses on the synthesis and struc-
tural characterisation of LiRAPs, including LizOCl, LizOBr and their hydrated
analogues, Li,OHCI and Li,OHBr. The samples produced were analysed ex-
tensively via laboratory XRD, NPD and multinuclear SSNMR spectroscopy.
Initial investigations focused on synthesising phase pure samples of LizOCl
and LizOBr. Due to their extremely hygroscopic nature, air-sensitive tech-
niques were required for their synthesis. Several synthetic methods were at-
tempted, and reaction variables, including the time and temperature, were var-
ied systematically to optimise the reaction conditions. Despite testing numer-
ous synthetic conditions, producing phase pure samples of Li3OCl and Li3OBr

remained a challenge.

The focus of the investigation then shifted towards the hydrated Li-
RAP LiOHCI, which is considerably easier to synthesise. Li,OHCI was suc-



cessfully synthesised via conventional solid-state and mechanical milling meth-
ods. LipOHCl is reported to exist in two different phases; a room-temperature
phase believed to be orthorhombic and a high-temperature cubic (Pm3m) phase.
Several structural suggestions have been made in the literature for the room-
temperature phase of Li,OHCI, but a structural model is yet to be agreed
upon. Hence, considerable effort was dedicated to evaluating the structures
reported in the literature and determining an accurate structure for the room-
temperature phase of Li,OHCI. Moreover, the phase transition in Li,OHCl

and the associated structural changes were also explored.

As LiRAPs are proposed as candidate solid electrolyte materials, prob-
ing ion mobility within this system is of significant interest. Thus, Li,OHCI
was extensively analysed via variable-temperature !/?H and “Li NMR spec-
troscopy to investigate the proton and lithium-ion mobility as a function of
temperature. Additionally, AIMD simulations were completed by our collabo-
rators to support our experimental findings. These complementary techniques
led to an understanding of a highly correlated mechanism for proton and Li-
ion movement in Li,OHCI. Furthermore, LiRAP samples were also analysed
via VT 3°Cl NMR spectroscopy to investigate the changes in the local environ-

ment of Cl as a function of temperature.

As with perovskites, the LiIRAPs exhibit extreme structural flexibil-
ity. Hence, the composition of LiOHCI was modified by varying the proton
and, consequently, the lithium content to synthesise Li3_xOH,Cl (x = 0.25 - 1),
and via fluorine doping and halide mixing to synthesise Li(OH)9F(1Cl and
Li,OHCl;_«Brx (x = 0 — 1), respectively. The influence of compositional varia-
tion on the structure and ion mobility in the system was studied extensively

via XRD and multinuclear SSNMR spectroscopy.
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1 Introduction and Background

1.1 Current Challenges in Energy

At present, virtually all of the energy we use is produced via the burn-
ing of fossil fuels. These non-renewable resources are known to emit green-
house gases and contribute to global warming.! Following the industrial rev-
olution, the atmospheric levels of CO, have increased by more than 30%, re-
sulting in considerable environmental concerns.? The declining world reserves
of fossil fuels, as well as the environmental issues associated with their use,
have resulted in the growing demand for alternative energy sources. As such,
many potential solutions have been suggested, including reducing the usage
of fossil fuels altogether, increasing the use of biofuels and adopting carbon
capture methods.># One increasingly popular alternative is the use of renew-
able energy sources such as solar, wind and tidal power.5 However, these are
notoriously intermittent in their ability to provide energy on demand, owing
to their dependency on the weather. An obvious solution to this issue is to de-
velop methods for storing the energy they provide in order to use that energy
at a later date. Batteries are a convenient and reliable method of energy stor-
age that could provide a suitable means for storing renewable energy.® Recent
improvements in battery technology have revolutionised the technology and

communications industry.” Can the same be done for the current energy crisis?
Y- y

Batteries are used to convert chemical energy to electrical energy via
redox reactions.®® They consist of multiple electrochemical cells that are con-
nected in series or in parallel. Each cell contains a positive (cathode) and a
negative (anode) electrode that are separated by an electrolyte, which is re-
sponsible for transferring charge between the two electrodes. The electrolyte
is an electronically insulating material. Hence, during operation, the electrons
are forced to flow through the external circuit. Batteries are divided into two
principal categories; primary and secondary.®® Primary batteries are single use
and are therefore discarded after use, as the electrochemical reactions taking

place in the cell are irreversible. A popular example is the Zn/alkaline/MnO;



battery, also known as the alkaline battery.® Secondary batteries such as the
lead-acid battery are used extensively in the automotive industry as they can

be recharged and used multiple times.”

At present, one of the most popular and influential rechargeable bat-
teries is the lithium-ion (Li-ion) battery. This technology has revolutionised
global communication and the technology industry, with its application in vir-

tually all handheld portable electronics. ¥

1.2 The Lithium-ion Battery

Lithium has many properties that make it appealing for use in portable
electronics. For example, it is the lightest metal with an atomic mass of 6.94,
making it ideal for the construction of lightweight batteries. Lithium also has
the lowest reduction potential of any element, allowing for large cell potentials
and therefore a high theoretical voltage.!%!! Li-ion batteries have several ad-
vantages, including their high specific energies, meaning a cell is able to store a
large amount of electricity. They also have low self-discharge rates, resulting in
long shelf lives and long cycle lives, so they can be recharged many times. Fur-
thermore, they can operate over a broad temperature window and offer rapid
charge capabilities, meaning they can be charged relatively quickly. They are

also energy efficient, i.e., the energy produced is close to the theoretical value. 2

The first Li-ion battery was commercialised by SONY in 1991.1% Fol-
lowing numerous trials, the final product was composed of a mixed metal ox-
ide cathode, lithium cobalt oxide (LiC0oO;), and a graphite anode, a schematic
representation of which is shown in Figure 1.1. The electrolyte was lithium
salts (lithium hexafluorophosphate, LiPF¢) dissolved in a mixture of propy-

lene carbonate (PC) and diethyl carbonate (DC).

Li-ion batteries make use of intercalation chemistry, a process in which
Liions are reversibly incorporated into a material without causing a significant
change in the structure.'? In the case of Li-ion batteries, both the anode and the
cathode can act as a host for the guest ions (Li*). During charge (lithiation),

Li* ions are generated at the cathode, leading to the oxidation of the positive



@ - S

~ Electrolyte

Cathode Anode
\_ (LiCoO,) _‘ (graphite) J

Figure 1.1: Schematic representation of a commercial Li-ion battery, detailing the compo-
sition of both the cathode (LiC0oO;) and the anode (graphite). Also shown is the relevant

electrochemical process that takes place.

electrode material. The Li* ions then migrate through the liquid electrolyte and
are intercalated into the graphite structure which is, in turn, reduced. During
discharge (delithiaton), the ions move back to the cathode. The redox reactions
taking place at the cathode and anode are summarised by Equations 1.1 and

1.2, respectively.
LiCoO, «— Li;_xCoO, + xLi" + xe™, (1.1)

6C(graphite) +LiT+e” «— CgLi. (1.2)

1.2.1 Electrode Materials in Li-ion Batteries

Numerous materials have been studied extensively as potential elec-
trode materials in Li-ion batteries. To be successfully used as an electrode, they
must fulfil certain criteria.!* For example, they must readily undergo redox
chemistry, thereby enabling the intercalation process to take place. Moreover,
they should be able to incorporate large amounts of lithium and offer high

Li-ion diffusivity. The material should be a good electrical conductor, and it

3



should be stable, i.e., the structure should not distort, change or decompose
during operation. Other factors to consider include the ease of fabrication,
cost, toxicity and any environmental issues associated with using the materi-

als.

1.2.2 Cathode Materials

Cathodes should be efficient oxidising agents and comply with the
conditions stated above. During the development of Li-ion batteries, sev-
eral options were considered for the cathode, including LiNiO, and LiCo00,.13
Cathode materials typically contain transition metals as they can readily un-
dergo redox reactions. This allows them to act as a solid host network that can
accommodate guest ions reversibly. Specific capacities for cathode materials
typically range between 100 — 200 mA h g~! and the average voltage is be-
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tween 3 -5V vs. Li meta Current commercial cathode materials are based

on transition metal oxides and polyanion compounds.

1.2.2.1 Transition Metal Oxide Cathodes

Many lithium-based metal oxides adopt a layered structure that is suit-
able for intercalation chemistry. LiCoO; (LCO), shown in Figure 1.2, was first
developed by Goodenough and Mizushima and has a layered structure in
space group R3m.'5 In the LCO structure, Li is located in the octahedral sites
between the layers of edge sharing CoOg octahedra. LCO is reported to have
a specific capacity of 155 mA h g~!, making it a suitable cathode material.®
Other advantages of LCO include good cycling performance, a high discharge
voltage (3.9 V) and low self-discharge. 16

Despite the many advantages of LCO, it is costly to produce and suf-
fers from capacity fade at high cycling rates and during deep cycling (when
more than 50% Li* is extracted). During deep cycling the structure under-
goes a phase transition from hexagonal to monoclinic symmetry, causing the
cycling performance to deteriorate.'® This can, however, be resolved by us-
ing metal oxide coatings.!” One major disadvantage of LCO is its low thermal

stability.?? As the temperature is raised and approaches 200 °C, oxygen is re-
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Figure 1.2: The layered structure of LiCoQ,, in space group R3m, showing Li located be-
tween the layers formed by the CoOg octahedra.'”

leased from LCO. When used as a cathode inside a cell, the oxygen released
reacts with the organic components of the electrolyte. This is a thermal run-

away reaction which can cause the cell to catch fire.

Another transition metal oxide considered as a possible cathode mate-
rial is lithium nickel oxide, LiNiO, (LNO), which is isostructural to LCO with
the Co being substituted by Ni.?%2! The substitution of Co in LiCoO; is desir-
able due to its high cost and toxicity. This lowers the manufacturing costs and
reduces the toxicity of the material. LNO has a comparable theoretical capacity
of 275 mA h g™1.22 However, it exhibits a low thermal stability and Ni?* can

substitute onto the Li* sites, thereby blocking the Li* diffusion pathways.??

Another layered structure is lithium manganese oxide, LiMnO, (LMO),
shown in Figure 1.3.1 Again, the substitution of Co with Mn is desirable, as
Mn has a higher natural abundance and its use is environmentally friendly.
The specific capacity and the voltage operation window of LMO is compara-
ble to LCO. However, the use of Mn does have some disadvantages. Specif-
ically, during Li* ion extraction, the structure of LMO changes to that of a

LiMnyOy-type spinel (vide infra).?* Unfortunately, all cathodes containing Mn
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Figure 1.3: The layered structure of LiMnOy, in space group Pmnm, showing Li residing

between the layers formed by the MnOg octahedra.?

suffer from this issue of Mn dissolution, the underlying cause being the dispro-
portionation of Mn®* to Mn?* and Mn**.2 It is believed that Mn?" is soluble in
the electrolyte. Hence, it can migrate to the negative electrode and destabilise
the solid electrolyte interface (SEI) layer formed. A SEI layer is a thin layer
that forms on the anode surface upon contact with the electrolyte.?” The layer
is believed to be composed of insoluble or partially soluble reduction products
of the electrolyte and is usually a good ionic conductor. Research suggests that
its presence is essential in order for the battery to operate.?® However, to date,
very little is known regarding the composition and/or functionality of the SEI.
As such, considerable research into the SEI is currently underway. The LMO
structure can be stabilised by cationic doping.?’ However, it still suffers from

poor cycle stability.

A variation of lithium manganese oxide is LiMn,Oy (also called LMO
but denoted as LMO’) which adopts a spinel structure in space group Fd3m, as
shown in Figure 1.4.3%3! The structure consists of a cubic close packed array
of oxygen anions, where Li occupies the tetrahedral sites, and Mn occupies
the octahedral sites. Li* ions diffuse via vacant tetrahedral and octahedral

interstitial sites. Unfortunately, LMO’ does not perform as well as LCO as a
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Figure 1.4: The spinel structure of LiMn,Oy, in space group Fd3m, showing Li occupying

the tetrahedral sites between the MnOg octahedra.3?

cathode material and also suffers from Mn dissolution. Other issues include
irreversible side reactions with the electrolyte and the loss of oxygen during

delithiation.

All of the cathode materials discussed have been compositionally dop-
ed with various different metals in order to try and improve their performance
and produce safer materials. For example, LNO has been doped with Co and
Al to produce LiNipgCo0.15Alp.0502 (NCA) which is currently used in Pana-
sonic batteries for Tesla electric vehicles.? NCA has a high capacity of 200 mA
h g! and a longer storage calendar life when compared to other Co-based
cathodes. Doping the structure with Co and Al results in a higher thermal sta-
bility than LNO and a reduction in the Ni** content lowers the obstruction of
the Li* diffusion pathway. However, NCA is known to suffer from capacity

fade at higher temperatures (40 — 70 °C) which can limit its use.3%3*

Attempts to modify the LMO structure include doping with Ni and
Co, generating Li(NigsMng5)O, (NMO) and LiNij_y—yCoxMnyO, (NMC).33¢
NMO is cheaper than LCO and offers a comparable energy density.?” Further-

more, doping with Ni enables greater quantities of Li to be extracted. The pres-
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ence of Niand Co in NMC stabilises the structure, resulting in a similar specific
capacity and operating voltage to LCO. NMC is also cheaper than LCO and, at
present, the most popular composition used is LiNig33C00.33Mng 3305.3¢ How-
ever, one concern is that mixing the cations leads to low Li* diffusivity, result-

ing in lower rate capabilities.*

1.2.2.2 Polyanion Compounds as Cathodes

Polyanion compounds are another class of cathode materials. These
compounds contain large polyanions (XO4)3~, where X can be S, P, Si, As,
Mo and W. Commercialised polyanion compounds include LiFePO4 (LFP) and
LiMnPOy (LMP), both with the olivine structure, as shown in Figure 1.5.3839 In
this structure type, P occupies one-eighth of the tetrahedral sites whilst Li and
Fe/Mn occupy half of the octahedral sites in a hexagonal close packed oxide
array. LFP has good thermal stability and high power capability. It is reported
to have a specific capacity of 165 mA h g~!, which is higher than that of LCO.
However, it also has a low average voltage (3.4 V) and low electronic and ionic
conductivities. LMP, on the other hand, has a slightly higher average voltage
than LFP (3.8 V, the same as LCO), and a reported specific capacity of 168 mA

h g~!. However, a major disadvantage of LMP is its low conductivity.*’

So far, many different cathode materials have been described, and their

Figure 1.5: The olivine structure of LIMPO4 (M = Mn or Fe), in space group Pnma, showing

Li in the channels formed by the interconnected MOg octahedra and POy tetrahedra.!



advantages and disadvantages have been noted. The first commercialised Li-
ion batteries used LCO as the cathode material. However, partly due to the
high costs associated with using Co, materials with a reduced Co content,
such as NMC and NCA, are becoming increasingly popular and have gained

a larger market share. 34243

1.2.3 Anode Materials

The ideal choice for an anode would be lithium metal due to its high
specific capacity. #* However, it was deemed unsuitable due to a series of safety
concerns. The formation of dendrites during cycling was found to be of partic-
ular concern.!®> Dendrites have been shown to rupture the separator that sits
between the two electrodes, thereby short circuiting the cell. As a result, cells
were at risk of overheating and exploding. Since then, efforts have focused on
using intercalation materials as the anode, as batteries produced using these

materials are altogether safer, albeit at the expense of the energy density.

1.2.3.1 Carbon

The first commercial batteries contained carbon-based anodes. These
continue to be a popular choice based on their low cost and high abundance. 54>
Carbon is a good electrical conductor and has a low delithiation potential vs. Li
metal. During the intercalation of Li into the structure there is a minor change
(10%) in the volume of the electrode. Carbon has a high gravimetric density,
but the volumetric capacity is on the lower side (330 — 430 mA h cm™3).%°
Carbon anodes can generally be divided into two categories; soft and hard

carbons, a schematic representation of which is shown in Figure 1.6.

Soft carbons, also known as graphitic carbons, have large graphitic
grains and very high charge capacities. However, they do not work well with
electrolytes containing PC, because PC tends to intercalate in the graphite lay-
ers along with the Li* ions, resulting in graphite exfoliation and a loss in ca-
pacity. ¢ In contrast, hard carbons have small graphitic grains with disordered
orientations. Hard carbons offer high capacities and a long cycle life. More-

over, they do not exfoliate easily, and the structure contains nanovoids, which
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Figure 1.6: Schematic representations of the different morphologies of graphite, graphitis-

able carbon (soft) and non-graphitisable carbon (hard).?

reduce any volume expansion during intercalation and offer better gravimetric
capacity (372 mA h g7!).#” The high surface area of hard carbons is also a dis-
advantage. The voids result in a material which is not very dense and, hence,

has a lower volumetric capacity.

1.2.3.2 Lithium Titanium Oxide

Lithium titanium oxide, LiyTisO1, (LTO), is a non-carbon-based ma-
terial commercialised as an anode, the structure of which is shown in Figure
1.7.4849 LTO has very good thermal stability, together with a high volumetric
capacity and a long cycle life. LTO is referred to as a ”zero-strain” material,
as the change in volume during Li* intercalation and de-intercalation is only

0.2%.%%°1 LTO has a potential of ~1.55 V vs. Li metal. Operating at this po-

@ Li
@ Ti

@ 0

Figure 1.7: The spinel structure of Li;TisO12, in space group Fd3m, showing Li in the tetra-

hedral sites between TiOg octahedra.?
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tential avoids the formation of a SEI layer on the anode, which typically takes
place below 1 V. Disadvantages of LTO include the high cost of Ti, a lower cell
voltage when compared with carbon and a lower theoretical capacity (175 mA
h g7! and 600 mA h cm™3). LTO also exhibits slower lithium diffusion and is
a good electrical conductor. Hence, LTO is suitable for stationary storage ap-
plications due to its high power and long cycle lives. However, it can only be

used in lower energy Li-ion batteries.

1.2.4 Electrolytes in Li-ion Batteries

In a Li-ion battery, the purpose of the electrolyte is to transfer the Li*
ions between the electrodes during charge and discharge. For the electrolyte
to function well, it must possess a high ionic conductivity to transport the ions
efficiently. It must also be electronically insulating, forcing the electrons to
flow outside the cell, thus avoiding an internal short circuit. Current commer-
cial electrolytes consist of lithium salts dissolved in organic solvents.®!34> The
conventional choice is LiPFs dissolved in ethylene carbonate. This combina-
tion has high ionic conductivity (6 >107> S cm™) and is compatible with the
operating voltage window of current Li-ion batteries. Another lithium salt that
can be used is LiBF4 which delivers better performance over a broader temper-
ature range when compared to LiPFs. However, the ionic conductivity is 2- to

3-folds lower.%3

As an alkali metal, lithium is highly reactive towards water; hence
non-aqueous electrolytes are required. Carbonate solvents are a good option
owing to their ability to solvate lithium salts at high concentrations (>1 M).
Carbonate solvents are aprotic, polar and have high dielectric constants. The
organic solvent mixtures currently used in commercial liquid electrolytes are
based on ethylene carbonate, but they can vary in composition. Typical co-
solvents used include linear alkyl carbonates, such as dimethyl carbonate, di-
ethyl carbonate and ethyl methyl carbonate. Ethyl carbonate is essential, as
it facilitates reversible reactions at the anode. More specifically, it undergoes
a reductive decomposition, and the resulting products form a SEI layer at the

anode. As stated earlier, this layer can be hugely beneficial, as it inhibits un-
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wanted molecules from intercalating into the graphite structure along with the

Li* ions.?”

At present, there are many safety concerns surrounding Li-ion batter-
ies owing to their use of liquid electrolytes, which are known to be corrosive,
flammable, irritants and have the potential to leak.>**® Furthermore, liquid
electrolytes are not compatible for use with metallic lithium anodes due to the
formation of dendrites during cycling (vide supra).'> All of these issues have led
to an increased demand for safer alternatives, resulting in the development of

all-solid-state batteries.

1.3 All-Solid-State Batteries

1.3.1 Introduction

In contrast to conventional Li-ion batteries, all-solid-state batteries
(ASSBs) use a solid electrolyte. Since ASSBs are composed of solely solid ma-
terials, i.e., no liquid components, they generally have longer cycle lives when
compared to traditional Li-ion batteries, as the liquid electrolytes used can fa-
cilitate the degradation of the batteries.>*> Furthermore, since the electrodes
are separated by a solid electrolyte, there is no need for a separator, which
leads to a reduction in the net weight and volume of the battery. Other advan-
tages of ASSBs include a low self-discharge rate and a uniform output voltage.
As a result of their many advantages, ASSBs are already being used in a vari-
ety of applications including cardiac pacemakers where a low power output is
required. Moreover, they have been demonstrated to be safe, whilst offering a

reasonable lifetime and sufficient energy density.

Undoubtedly, the use of solid electrolytes is key in the development
of ASSBs. Many Li-based solid electrolytes have the potential to work well
with Li metal anodes, thereby offering high energy densities. In general, solid
electrolytes tend to be stable over a large voltage window and have good ther-
mal stability. Moreover, the use of solely solid materials can make packaging
simpler, and miniaturisation for small scale applications more realistic when

compared to current commercial battery designs. ASSBs could also offer bet-
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ter resistance towards wear and tear as well as shock and vibrational changes

when compared to current conventional batteries.>

Despite their many advantages, there are several challenges which
limit the use of ASSBs in commercial applications. One major issue is that solid
electrolytes typically have lower ionic conductivities (~10™> - 107 S cm™)
than their liquid counterparts (>1073 S cm™!). They also tend to offer lower
power and current outputs at low temperatures, caused by the high resistance
of the solid oxides used. In addition, the stress created at the interface of the
electrolyte and the electrodes can have an adverse effect on the lifetime of the
battery.”” The manufacturing costs are also typically very high because ex-
pensive techniques such as atomic layer deposition (ALD) are often needed
to form thin layers of electrolytes during device fabrication.®” Hence, research
into suitable solid electrolyte materials is still very much ongoing and several
candidate systems that are of considerable interest are discussed in greater de-

tail in the following sections.

1.3.2 Requirements for Solid Electrolyte Materials

There are several essential criteria that a material must meet in order
to be considered for use as a solid electrolyte, let alone actually being prepared
for use in a device.>**%> Most importantly, the material must exhibit a high
ionic conductivity, that either matches or exceeds the performance of current
liquid electrolytes. This is the ultimate driving force for future commerciali-
sation. Candidate systems must also have a low electronic conductivity and
be functional over large voltage and current windows. For example, being op-
erational up to 5 V is desirable as high voltage cathodes usually operate at or
close to 4 V. The electrolyte should also be able to maintain its functionality
over a broad temperature range, typically —100 to 300 °C. The grain boundary
resistance should also be negligible, and the electrolyte must be compatible
with the electrode materials used. In addition to this, no side reactions should
occur during operation, as they can produce undesirable products at the inter-
face, thereby reducing the conductivity. Furthermore, to avoid deterioration

of the battery, there should be no leakage of the electrolyte and very little cor-
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rosion of the electrode (i.e., the electrolyte needs to be stable and compatible
with the electrodes used). Ideally, the materials should be lightweight to en-
able their use in portable applications. Sufficient thermomechanical strength
is also required for easy packaging and survival in harsh conditions. In addi-
tion, self-discharge should be minimal in order to preserve the shelf life. Other
desirable qualities include a low cost and toxicity of the materials used, and
where possible, recyclable materials, thereby making their production cheap

and their use environmentally friendly.

1.3.3 Candidate Solid Electrolyte Materials

Numerous materials have been studied in recent years for use as
electrolytes in all-solid-state batteries. These include perovskites, lithium and
sodium superionic conductors (LISICON and NASICON), garnets, LiPON,
LizN and argyrodites. It is noted that this list is by no means exhaustive as
many different systems have been explored as potential solid electrolytes. In
the following sections those exhibiting the best performance to date will be

discussed.

1.3.3.1 Perovskite-type Systems

Perovskites have the general formula ABX3, where A is a rare earth
or alkali earth metal, B is a transition metal, and X is an anion, typically o+
or F~.%9 The ideal perovskite structure has a cubic unit cell, although most
perovskites are distorted owing to the relative sizes of the A- and B-site cations.
The extent of the distortion exhibited is dependent on the radii of the ions
present in the structure, and it can be expressed via the tolerance factor (t),
given by,

rA +Ix

__fatrx 13
V2(rp + rx) 49

where rp, rg and rx are the radii of the ions A, B and X, respectively. 61 When t
= 1, the perovskite adopts a perfect cubic structure. Deviations from this value
lead to structural distortions, most commonly caused by cation displacements

and/or tilting of the BX4 octahedra.®? The compositional flexibility of the per-
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ovskite structure allows for various A- and/or B-site substitutions, leading to
the development of different perovskite-based systems with varying composi-
tions, many of which often display interesting and tuneable physical proper-

ties, including piezoelectricity, ferroelectricity and pyroelectricity. >

Perovskite-based Li-ion conductors can be described as A-site defi-
cient solid solutions. One of the most popular examples of a perovskite-based
Li-ion conductor is lithium lanthanum titanate, LizxLa(/3)-x1/3)-2xTiO3 (LL
TO) (0 < x < 0.16), shown in Figure 1.8.> LLTO has a tetragonal structure,
with a large A-site vacancy concentration that allows Li ions to move via a
vacancy mechanism. More specifically, Li ions move through a square planar
configuration formed by the four O?>~ ions and the A-site cations. The ionic
conductivity of LLTO is dependent on the Li concentration, and when x = 0.11,
the bulk conductivity of LLTO can reach up to 107> S cm™! at room temperature

(RT), with an activation energy of 0.40 eV for the migration of Li ions.%46°

Whilst LLTO offers a comparable ionic conductivity to conventional
liquid electrolytes (>107> S cm™!), it does have some disadvantages. Most
notably, during sample preparation it is particularly challenging to control
the Li content, as very high temperatures are required for synthesis, leading
to significant losses of LiO. Moreover, the use of high temperatures can re-
sult in grain boundary resistance, which reduces the conductivity to <107 S
cm™1.%% Attempts to improve the ionic conductivity of LLTO have included
doping the A-sites with Sr. For example, LLTO doped with 5% Sr on the A-
site, (Lip5La05)0.95510.05TiO3, has a reported ionic conductivity of 1.5 X 10738
cm™! at 27 °C. It is noted that doping the A-site results in a reduction of Li
concentration; hence, if the doping level is too high (in this case >0.1) the con-
ductivity will start to decrease.?” As stated earlier, it is envisaged that Li metal
anodes will be used in ASSBs. Hence, solid electrolytes must be compatible
with their use. Unfortunately, one major drawback of LLTO is its inability to
be used with a metallic lithium anode, as Li insertion is known to result in the
reduction of Ti** to Ti®*, which increases the electronic conductivity of LLTO,

causing short-circuiting of the cell. %
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Figure 1.8: The perovskite structure of LLTO, in space group Pm3m, showing Li in the

cavities formed via the TiOg octahedra. %

Another well known example of a perovskite-based solid electrolyte
is LiSry g5sTa1 7Zr1 309 (LSTZ), which is known to be stable in contact with Li,
as Zr*" and Ta>* do not undergo reduction during the intercalation process.
However, the reported ionic conductivity is 1.3 X 107> S cm™!, which is lower
than that of LLTO.® In order to improve the ionic conductivity of this material,
differing compositions have been investigated and Lig 375510 438 Tag 752102503 is
reported to have an ionic conductivity of 1.33 x 107 S cm™, higher than that
of the parent LSTZ system.”® Similar or related modifications have included
substituting Zr with Hf, forming Lig 375510 438Tag75Hfo2503. This material is
reported to exhibit an ionic conductivity of 3.8 x 1074 S cm™! at RT.”! Hence,
this suggests that compositional modifications are a good method for improv-
ing the ionic conductivity of perovskite-based materials, making them a good
candidate for solid electrolytes. However, their ionic conductivities remain
lower than those of current liquid electrolytes. Also, it is noted that the syn-
thesis of these materials requires very high temperatures (>1300 °C) making

them economically less viable for large scale processing.
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1.3.3.2 NASICON-type Conductors

In recent years, NASICON (NA Super Ionic CONductor)-type systems
have gained considerable interest as solid electrolyte materials.”> NASICON
refers to NaA>(POy); (A = Ge, Ti and Zr), the structure of which is shown in
Figure 1.9. One example of a NASICON-type material is Naj.,xZrySiP3-xO12
(0 < x < 3), with an ionic conductivity on the order of 1073 S cm™! at RT.73
Typically, NASICON has a thombohedral structure in space group R3c. When
1.8 < x < 2.2 NASICON adopts a monoclinic structure with space group C2/c.
The NASICON structure consists of a framework of interconnected AOg¢ octa-
hedra and PO, tetrahedra, with two different Na sites within the framework.
Ion diffusion occurs via the movement of Na ions from one site to another. The
Na-ion mobility is dependent upon both the value of x and the activation en-
ergy, Ea, for Na ion transport. When x = 0, only one Na site is preferentially

filled and when x > 0, the second site begins to be filled and the ionic con-

¢ Na
® Zr
+ P/Si
* O

Figure 1.9: The structure of NASICON, in space group R3c, showing Na in the framework

formed via chains of interconnected ZrO4 octahedra and P/SiO, tetrahedra.”*
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ductivity increases. Changing the framework ions in order to provide more
space for the Na ions to move can increase the ionic conductivity. One popular
example is NazZr,PSi;O1,, which is reported to display an ionic conductivity
of 2.0 x 1071 S em™! at 300 °C.”° This value alone makes NASICON an attrac-
tive candidate for use in sodium-ion batteries and, as such, has inspired the

synthesis of Li-based structures for use in Li-ion batteries.

One type of Li-based equivalent is Lij 3Alg 3Tij 7(PO4)3 (LATP), the stru-
cture of which is shown in Figure 1.10. LATP has a reported ionic conductivity
of 3.0 x 1072 S cm™! at RT.> In a similar manner to the perovskite-based sys-
tems, the composition of LATP has been modified in order to improve perfor-
mance, e.g., LijxTioxMx(POy)3, where M is Ga, In or Sc. Such compositional
modifications have resulted in an ionic conductivity of 7.0 x 107* S cm™1.76
This ionic conductivity is lower than LATP, and in a similar manner to the per-

ovskite LLTO, a significant drawback of this material is the presence of Ti**,

which is susceptible to reduction. Hence, like LLTO, LATP is also unsuitable

. Li/Al
o Ti
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0

Figure 1.10: The structure of LATP, in space group R3¢, showing Li in the framework formed

via chains of interconnected TiOg octahedra and POy tetrahedra.””
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for use with a metallic lithium anode. Another Li-based NASICON material is
Lij 5Alg5Ge1 5(PO4)3 (LAGP), which is reported to exhibit an ionic conductiv-
ity of 4.0 X 107* S cm™! at RT.”® This can be improved to 6.65 x 107> S cm™! by
partially substituting Al with Cr, forming Li; 5Al4Cro.1Ge1.5(POy4)3.”° Unlike
LATP, LAGP does not contain Ti and therefore does not have the issue of being
reduced during cycling. Moreover, LAGP is known to be electrochemically
stable between 0.85 — 7.0 V vs. Li metal.® However, it is noted that although
LAGP is stable and has a good ionic conductivity, it is expensive to produce
owing to the costs associated with its precursors, namely GeO,.%! Hence, this

is a limiting factor when considering its potential use in future applications.

1.3.3.3 LISICON-type Materials

LISICON (LI Super Ionic CONductor), first reported by Hong et al. in
1978, refers to Lij4Zn(GeQOy)s.8? The structure of LISICON, shown in Figure
1.11, is based on the y-Li3PO4 framework. It is widely known that y-LizPOy4
is not a good ion conductor, hence, the composition must be modified in or-
der to improve the ionic conductivity.8384 In y-Li3POy, Li can only move via
a vacancy mechanism, as Li does not occupy any interstitial sites. However,
when P°* is replaced and Li is partially substituted with Ge*" and Zn*, the
resulting LISICON, Li14Zn(GeQOy)s, contains both vacant Li sites and Li lo-
cated in interstitial sites. The structure therefore consists of a framework of
[Li11 Zn(GeO4)]>~ with the remaining three Li ions occupying the interstitial
sites within the framework. These Li ions are then able to move through the
structure in two dimensions via both vacancy and interstitial mechanisms. At
present, the reported ionic conductivity of LISICON is 1.3 X 107 S cm™ at 33
°C. This has been shown to increase to 1.25 X 1071 S cm™ at 300 °C, making

LISICON an excellent high temperature conductor.

In LISICON, the Li-ion mobility is dependent on the size of the bot-
tleneck formed via O? ions and on the bonding energy between the Li and
O?% jons in the framework. In a similar manner to earlier discussions, differ-
ent compositional modifications have been made in order to obtain a material

with good ionic conductivity. For example, O~ ions have been partially substi-
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Figure 1.11: The structure of LISICON, in space group Pnma, showing Li located in chan-

nels formed via the GeOy tetrahedra.$?

tuted with CI™ ions to form the composition Lij0.42Ge1 5P1.5Clp 0sO11.92.% This
material is reported to have an ionic conductivity of 3.7 X 107> Scm™ at 27 °C,
which is higher than that of LISICON. This improvement is believed to be due
to the larger ionic radius of CI~ which leads to a larger bottleneck, providing
more room for Li to move. Furthermore, C1™ has a lower electronegativity than
O%"so it does not bond as strongly to the mobile Li as O>~, enabling Li to move

with greater ease.

Another material based on this structure type is LizxGexV1_xO4 (x =
0 — 1), which is a solid solution between y-LizVOy, and LisGeO4.% In a similar
manner to y-LizPOy, v-LisVO4 does not have any Li occupying the interstitial
sites within the structure. Hence, forming a solid solution with Li;GeOy is a
good way of introducing Li onto the interstitial sites and therefore producing
a good Li-ion conductor. When x = 0.5, an ionic conductivity of 4.0 x 107 S
cm™! at 18 °C is reported which is an order of magnitude higher than LISI-
CON. A solid solution between Li4SiO4 and LizPO4 has also been reported,
Liy—«Si1—xPxOy4 (x = 0 — 1), with an ionic conductivity of ~ 107 S ecm™ at RT
for x = 0.5, which is similar to LISICON, but not comparable to liquid elec-
trolytes.®” Whilst the LISICON structure has been extensively investigated, the

ionic conductivities of all the compositions remain too low for these systems
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to be effectively used in commercial applications.

1.3.3.4 Garnets

Garnets have the general formula A3B,C301,, where the A-, B- and
C-cations occupy the dodecahedral, octahedral and tetrahedral sites, respec-
tively.®? In the context of battery-related research, garnets containing an ex-
cess of Li have been extensively investigated. These garnets are known as
Li-stuffed garnets and one popular example is LisLazM»O12 (M = Ta or Nb),
shown in Figure 1.12. It is reported to have a cubic structure in space group
Ia3d, with the La and M occupying the octahedral sites.® In this particular sys-
tem, Li is situated in both the octahedral and tetrahedral sites owing to an ex-
cess of Li within the system. The tetrahedra and octahedra are connected by a
shared face, which is believed to facilitate the movement of Li ions through the
structure. The octahedral sites are known to promote Li-mobility, whilst the
tetrahedral sites trap the Li ions and restrict their movement.® Although Li is
able to move in three-dimensions through the structure, the ionic conductivity
of this material remains low at around 107 S cm™! at RT. Attempts to improve
the ionic conductivity have included doping with Ba to form LigBaLa;TaxO12,
which gives an ionic conductivity of 4.0 X 107 S cm™! at RT.?° This material
was also found to be stable when in contact with molten Li and is stable up to

6 V vs. Li metal.

Another potential Li-based garnet-type solid electrolyte is Li;La3Zr,O1
(LLZO), which also adopts a cubic structure.’? Here, the framework is formed
via interconnected LaOg dodecahedra and ZrOg octahedra, and in a similar
manner to LisLasM;O1, (M = Ta or Nb), Li is located on both the octahe-
dral and tetrahedral sites. LLZO is reported to be a better ion conductor than
LisLagM;0O12, with an ionic conductivity of 3.0 x 107 S em™! at RT. LLZO is
also reported to be stable when in contact with Li metal and has an electro-
chemical stability window of up to 9 V vs. Li metal. Attempts to increase the
ionic conductivity have included doping Nb>* with Zr*", forming Lig75La3-
Zr1.75Nbg 25012, which is reported to display an ionic conductivity of 8.0 X 1074
S em™! at RT, which is higher than LLZO.*®
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Figure 1.12: The garnet structure of LisLa3(Nb/Ta),O1,, in space group Ia3d, showing Li in

channels formed via chains of interconnected Nb/TaOg octahedra and the LaOg dodecahe-

dra.?1

Whilst Li-based garnets are stable in contact with Li metal and have
the potential to be modified via doping, the ionic conductivities reported to
date remain low. It has also been suggested that the distribution of Li be-
tween the two sites is dependent on the annealing process.®’ Furthermore, a
significant proportion of the Li ions are immobile within the structure as the
tetrahedral sites restrict Li ion movement which leads to a reduction in the
ionic conductivity. 88 Hence, these materials are not suitable for use as solid

electrolytes at present.

1.3.3.5 LiPON-type Materials

Lithium phosphorus oxynitride, known as LiPON, has the general for-
mula LixPOyN;, where the amount of Li, O and N can be controlled during
synthesis and can also be used to influence and/or control the ionic conductiv-
ity of the material.”* The LiPON structure consists of cross-linked POy chains
and doubly and triply coordinated nitrogen to the bridging and non-bridging
oxygen ions in the glass network. It has been suggested that the PO4 chains

promote mobility, but the conduction pathways are yet to be specified.**

22



A thin film of LiPON with composition Liz 1PO3gNp 16 was first syn-
thesised by Bates et al., using radiofrequency (RF) magnetron sputtering with
LizPOy as the target in a pure N atmosphere.”® This material had an ionic con-
ductivity of 2.0 x 107 S cm™! at RT and was found to be stable up to 5 V vs. Li
metal. Further studies have focused on modifying the composition and using
different synthetic techniques to increase the ionic conductivity. For example,
LizPO4 has been mixed with Li;O in a 1:2 ratio in order to introduce more Li
into the system. This particular composition, Li3PO4:Li>O (1:2), is reported to
exhibit an ionic conductivity of 6.4 X 107° at RT, which is higher than that of
the original composition.”® LiPON thin films have also been synthesised using
ion beam assisted deposition (IBAD) and metalorganic-chemical vapour de-
position (MOCVD).”87 During IBAD, the nitrogen content can be controlled
using the flow ratio of N, and Ar, with the resulting material displaying an
ionic conductivity of 4.5 X 107 S cm™! at RT. The thin film produced using
MOCVD (thickness = 190 nm) is reported to display a slightly higher ionic
conductivity (5.9 X 107 S ecm™') than that of a film with a thickness of 95 nm
(5.3 x 107® S cm™!). Hence, LiPON is a good candidate for use as a thin-film
solid electrolyte however, the ionic conductivity is too low for it to realistically

compete with liquid electrolytes for use in ASSBs.?

1.3.3.6 LizN-type Materials

The lithium nitride, Li3N, structure is composed of two alternating lay-
ers, shown in Figure 1.13. One layer in LizN consists of N anions coordinated
to 6 Li cations. The other layer is composed of solely Li cations.”® LizN has
been synthesised by reacting pure Li ribbon with N> followed by sintering at
650 °C under a nitrogen atmosphere. The density of the resulting material was
80% of its theoretical value, and the reported ionic conductivity was 3.7 X 1078
S em™! at 25 °C.1% The ionic conductivity reported for this ”as-synthesised”
LizN is lower than that of commercially available 96% LizN, which exhibits an
ionic conductivity of 3.0 x 107 S cm™! at 25 °C.> It has been suggested that,
in order to improve the ionic conductivity of the ”“as-synthesised” samples, the

sintering temperature should be increased to 750 °C and heating should take
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Figure 1.13: The hexagonal structure of LizN, in space group P6/mmimn, showing two alter-

nating layers of LigN and Li atoms.”

place under 1 atm of Nj. The samples produced under these conditions are re-
ported to display an ionic conductivity of 2.0 X 107 S cm™! at 25 °C, which is a
considerable improvement in performance.!%! This is believed to be the result

of an increase in the Li/N ratio.

Additional studies into the LizN system have included the synthesis
of lithium nitride halides, e.g., LisN-LiCl. Kitahama et al., investigated sam-
ples with compositions ranging from 2Li3N-3LiCl to 9LizN-11LiCl.1%% In all
cases, a cubic antifluorite structure was produced. However, a new non-cubic
phase, LigN,Cl3, was also observed that was reported to display an ionic con-
ductivity of >1077 S cm™! at RT, which was higher than all of the other samples
prepared. Additional investigations by Hatake et al., focused on 3LiN-MI (M
= Li, Na, K and Rb) systems prepared via solid-state synthesis at 600 °C.1%
Here, the reported ionic conductivities ranged from 7.0 x 10 S em™ to 1.1 x
107* S cm™! at RT. However, unfortunately, these samples were susceptible to

decomposition at voltages ranging from 2.5 -2.8 V.

Additional structural modifications have been undertaken by partially

substituting Li in Li3N with cations such as Al, Si and Ca. %419 Li; AIN} is re-
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ported to adopt a cubic antifluorite structure and has an ionic conductivity of
5.0x 1078 S cm™! at RT, which is lower than that of Li3N. In a similar manner to
3LiN-MI systems, Li3AIN; undergoes decomposition at low voltages (0.85 V)
at 104 °C. The ionic conductivity can be marginally improved by doping with
Ca and Si, as samples of Lig gsCag 0755i12N3 are reported to display an ionic con-
ductivity of 1.6 x 1077 S cm™! at RT. Although the LizN system can be easily
modified via changing the composition or by cation doping, the ionic conduc-
tivities typically remain low at ambient temperatures. Furthermore, samples
of LizN are susceptible to decomposition at low voltages, which limits their

use in commercial applications.

1.3.3.7 Sulphide-based Electrolytes

Sulphide-based electrolytes are typically referred to as thio-LISICON
electrolytes in the literature and are prepared by replacing the O?>~ in LISICON
with §27.107108 Thio-LISICON electrolytes tend to exhibit higher ionic conduc-
tivities than LISICON-based electrolytes as the interaction between the S>~ and
Li* is weaker than O%~ and Li*. This is believed to promote Li-ion mobility
and, hence, result in high ionic conductivities. Thio-LISICON electrolytes can

be divided into three categories: ceramics, glasses and glass-ceramics.

Several ceramic thio-LISICON materials have been synthesised using
LisGeSy as the parent material, the composition of which can be intentionally
modified in order to create either more vacancies or more interstitial Li.!% For
example, partially substituting Li* with Zn?>* and Ge** with Ga®", results in
the compositions Li,ZnGeSy, Lis—2xZnGeSy and Ligixs5(Ge1-s—xGax)S4 being
produced, with Ligiyss5(Ge1—5—xGax)Ss (which contains interstitial Li) exhibit-
ing the highest ionic conductivity (6.5 X 107> S cm™!) at 25 °C when x = 0.25.110
It is also reported to be stable up to 5 V vs. Li metal. Li4GeS4 can also be mod-
ified by partially substituting Ge** with P°* to produce Lig_xGe1_xPxS4 (0 < x
< 1), which contains vacant Li sites.!'! Its structure is based on that of LISI-
CON (vide supra) with the main difference being that O>~ has been replaced by
S?~. The ionic conductivity is reported to increase with increasing x, reaching

a maximum when x = 0.75. Liz25Geg25P0 7554 is reported to exhibit an ionic
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conductivity of 2.17 X 1072 S cm™! at RT, which is comparable to current com-
mercial liquid electrolytes. Furthermore, this material is also stable up to 5 V

vs. Li metal, making it is a promising candidate.

As stated previously, sulphide-based electrolytes also produce glasses,
and these have also been researched extensively. Glasses have an amorphous
structure as opposed to crystalline materials; therefore, they are expected to
display high ionic conduction as the movement of ions is likely to be easier. In
order to investigate the influence of glass and ceramic structures on the ionic
conductivity, Mizuno et al., synthesised 70Li,S-30P,Ss in both glass and glass-
ceramic forms using a melt-quench method in addition to a ceramic sample
prepared via a solid-state route.!'? The ionic conductivities reported for the
glass and glass-ceramics are 5.4 X 10 S cm™ and 3.2 X 102 S cm™! at RT,
respectively. In contrast, the ceramic sample exhibits an ionic conductivity of
2.6 X 1078 S cm™! at RT, which is considerably lower than the conductivities re-
ported for the glassy samples. These findings suggest that samples composed
of both glass and ceramic are suitable candidates for further exploration. These
glass-ceramic materials, xLiS—(100—x)P,Ss, have also been reported via me-
chanical milling at RT, which can enable values of x up to 80 to be reached. 3
In contrast, the melt-quench method could only produce compositions with x
< 70. It has been reported that the Li-ion conductivity increases with increas-
ing Li content and for xLi;S—(100—x)P>Ss, the conductivity reaches a maximum
at x = 75. The reported ionic conductivity is 2.0 X 107* S cm™! at RT, which is
higher than that for samples produced using the melt-quench method.

Hayashi et al., have also reported the synthesis of the 80-Li,S-20P,Ss5

glass-ceramic via mechanical milling and heating. 14

Samples prepared using
this method are reported to exhibit an ionic conductivity of 9.0 X 107 S cm™!
at RT, which is, again, higher than that of a glassy sample. The ceramic phase
observed in this sample is LiyPSg, which is reported to have an ionic conduc-
tivity of 8.0 X 10 S cm™! at RT in its pristine ceramic form.!!* It has been
suggested that the LiyS¢ phase in the glass-ceramic sample is different to that

in the ceramic phase, which is believed to result in a higher ionic conductiv-

ity. Some studies have indicated the presence of additional phases in 80-LiyS—-
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20P;Ss, such as LizPS4 and LiyPSg in addition to other, unidentified, phases. It
has been suggested that the ionic conductivity is dependent on the crystalline
phases formed, which are, in turn, dependent on the temperatures used during
synthesis. The reaction temperatures used during synthesis have been opti-
mised by Seino et al., to produce a Li;S-P,Ss glass-ceramic, containing LizP3S51;
as a ceramic phase. !> Investigations into the structure of the LiS-P,Ss5 glass-
ceramic indicated that samples exhibited few or no grain boundaries, and an
ionic conductivity of 1.7 X 1072 S cm™~! was reported at 25 °C. To date, the data
obtained for the glass-ceramic thio-LISICON materials indicates that they are
a better conductor than current commercial liquid electrolytes. Furthermore,
the ionic conductivity at lower temperatures (-35 °C) is reported to be on the

order of 1073 S cm~1.115

There is no doubt that sulphide-based materials are excellent solid
electrolyte candidates. However, there are some serious drawbacks to their
potential use. For example, these materials are extremely moisture sensitive,
meaning they cannot be handled in an ambient atmosphere, making large scale
applications extremely challenging. Furthermore, upon exposure to moisture,
these materials react to form H,S gas. Hence, when considering these materi-

als for use in commercial applications, this is a major safety concern.

1.3.3.8 Argyrodite-type Materials

The synthesis of Li-based argyrodite-type materials was first reported
by Deiseroth and co-workers in 2008.!1¢ These materials have a general for-
mula of LigPSsX, where X can be Cl, Br or I, and the structure of LigPS5Cl is
shown in Figure 1.14. Here, the sulphur and halogen atoms form 136 tetrahe-
dral holes, out of which, four are made by sulphur atoms (S1) and are occupied
by P atoms, forming PS, tetrahedra. The rest of the 132 tetrahedral holes are
formed by the remaining sulphur (52) and halogen atoms. These tetrahedral
holes are partially filled by Li atoms. The structure is also influenced by the
halogen used; for example, LigPSsI has a fully ordered structure, LigPSsBr has
partially disordered S and Br sites and LigPSs5Cl exhibits complete disorder on
the S and Cl sites. For LigPSsBr, there is 84% S and 16% Br on the S2 sites
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Figure 1.14: The cubic structure of LigPS5Cl, in space group F43m, displaying PS, tetrahedra

and two different Cl sites.11”

and 60% Br and 40% S on the X sites. The reported ionic conductivity at RT
for LigPSs1 synthesised via conventional solid-state routes is 3.6 X 1077 Sem™,

whereas for the Br analogue it is in the range of 107° — 1072 S cm 1. 118119

These materials have also been synthesised using mechanical milling
followed by annealing. After mechanical milling, the crystallite size of the
samples produced was around 15 nm. The reported ionic conductivities at RT
for LigPSs5Cl, LigPSsBr and LigPSsI are 4.6 x 107%, 6.2 x 107* and 1.9 x 107* S

!, respectively.'?’ Following heat treatment, the crystallite size of the sam-

cm

ples increased to ~90 nm, and there was no significant change in the ionic
conductivities for LigPS5Cl and LigPSsBr. However, for LigPSsI, the ionic con-
ductivity decreased to 1077 S cm™. These differences are believed to be caused
by structural disorder. In LigPSsCl and LigPSsBr the S/Cl and S/Br disor-
der promotes Li-ion mobility, resulting in high ionic conductivities whereas,
in LigPSs], there is no disorder and, hence, a very low ionic conductivity is

observed. These samples were also tested to determine their electrochemical

stability and were found to be stable between 0 —7 V vs. Li metal.
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Additional attempts to produce samples with high ionic conductivi-
ties have included synthesis via solid-state sintering methods and using an
excess of LiS. Zhang et al., found that samples prepared using these methods
exhibited higher ionic conductivities than the samples produced using me-
chanical milling.?! The reported values at RT are 1.8 x 1072 and 1.3 X 1073 S
cm™! for Li,PS5Cl and Li> PS5Br, respectively. This makes Li-based argyrodites
a suitable candidate for further investigation. However, in a similar manner to
sulphide-type materials, Li-based argyrodites are moisture sensitive, making

it challenging to successfully incorporate them into commercial applications.

All the materials discussed so far have their advantages and disad-
vantages, and, an ideal solid electrolyte candidate material is yet to be found.
Hence, many different materials are still under intensive investigation. The fol-
lowing section discusses another candidate solid electrolyte material, lithium-

rich anti-perovskites, which are the main focus of this thesis.

1.4 Lithium-Rich Anti-Perovskites

1.4.1 Introduction

Recently, a class of materials called lithium-rich anti-perovskites (Li-
RAPs) attracted considerable attention in the field of solid electrolytes, based
on their reportedly high ionic conductivities. These “electrochemically-invert-
ed” perovskites were initially inspired by the high temperature superionic per-
ovskite conductors, NaMgF; and (K,Na)MgFs. 22123 Anti-perovskites have the
general formula A~B? X*3, where the A-site contains a monovalent anion (e. 9.
E Cl, Br, I), the B-site is a divalent anion (typically O) and the X-site is an elec-
tropositive cation (e.g., Li or Na).!?* Typically, for ease and in keeping with
the convention for conventional perovskites, LiIRAPs are written as X3BA, e.g.,
LizOCl. In a similar manner to perovskites, anti-perovskites exhibit extreme
structural flexibility, making them an excellent candidate for exploration as
useful functional materials. As with perovskites, the composition can be mod-
ified with relative ease, meaning a wide range of systems can be synthesised

with varying compositions.
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Figure 1.15: (a) The cubic unit cell of Li;OCl/Br, in space group Pm3m, displaying LisO oc-
tahedra surrounded by Cl ions, and (b) the structure of Li;OCl/Br displaying Cl/Br residing

in the cavities formed via corner sharing LigO octahedra.!?

The LiRAPs LizOCl and LizOBr (Figure 1.15) were recently reported
by Zhao and Daeman and it was this study that highlighted their potential
as possible solid electrolyte materials.!>* LiRAPs are lightweight, have a high
Li content (60% Li by composition and 29 wt%) and are reported to exhibit
very high ionic conductivities. At room temperature the ionic conductivity is
reported to be >1072 S cm™!, which increases to ~1072 S cm™! at temperatures
close to the melting point of the LiRAP. They are also reported to have low acti-
vation energies ~0.2 — 0.3 eV, low electronic conductivity, and a large potential
voltage and current window over which they can safely operate. Moreover,
LiRAPs are reported to be stable up to 400 °C and are able to conduct in the
molten state. Their composition makes them environmentally friendly and,
hence, recyclable. Furthermore, the reagents required for synthesis are inex-
pensive, making them cheap to produce. All of these qualities make LiRAPs a

worthy candidate for further investigation as a solid electrolyte.

1.4.2 Structure of LiRAPs

The LiRAPs Li3OCl and LizOBr are reported to adopt a cubic structure,
in space group Pm3m, with lattice parameters a = 3.91 and 4.02 A, respectively.
LizOBr has a larger unit cell owing to the larger size of the Br™ ions (rjonBr~ =
1.96 A) relative to Cl™ (1;onC1~ = 1.81 A).124126 The tolerance factors for LizOCl

and LizOBr are 0.85 and 0.91, respectively, indicating a less distorted structure
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for LizOBr.

It is well known and widely reported in solid-state chemistry that per-
fect crystals are not good ion conductors, as there is no mechanism by which
the ions can move through the structure. Hence, structural defects are typically
required to effectively introduce ion migration pathways and achieve ionic
conductivity.'?” As stated earlier, the anti-perovskite structure is extremely

flexible and can be modified with relative ease in a variety of ways, includ-

ing:
(1 = x)LiX + xLiX" + 2LiOH — LizOX;_xX'x + H,O, (1.4)
(1 - y)LiX + (y/2)MX; + 2LiOH — Liz—_yMy/,,OX + HyO, (1.5)
(1 - z)LiX + 2LiOH — Li3_,OX;_, + H,O. (1.6)

Halogen doping (Equation 1.4) results in a mixed composition, e.g.,
LizOCl can be doped with Br~ to produce Li3OCli_«Brk. Zhao and Daeman
recently reported that LizOCly5Brg 5 exhibits a higher ionic conductivity than
the parent Li3OCl at room temperature.?* This is believed to be caused by the
introduction of very specific structural distortions (vide infra). Hence, halogen

doping can be hugely beneficial.

LiRAPs can also be doped with divalent metals to form Liz_yMy 2OX-
type compositions (Equation 1.5). Zhang et al., recently reported the synthesis
of the LiRAP Liz_4Cay/»,OCl. 128 Doping with a divalent metal, e.g., Ca%*, pro-
duces a Li vacancy in order to balance the charge.'?* Hence, cationic doping
is a good method for creating additional vacancies, which are known to be
required for Li* ion conduction. At present, it is believed that the vacant Li
sites in Liz_xCa,,»OCl facilitate the movement of ions via a Schottky mecha-
nism, i.e., via the vacancies present, which increases the ionic conductivity of

the material.

Further modifications to the anti-perovskite structure include the syn-
thesis of depleted materials (Equation 1.6), i.e., purposely reducing the amount
of halogen species present in order to increase the number of vacant Li sites

present. For example, Zhao and Daeman, synthesised selected LiRAPs with 5,
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10, 15 and 20% Cl depletion, containing 1.66, 3.33, 5 and 6.66% Li vacancies,

respectively. 124

Doing this can reduce the structural distortion, whilst creat-
ing defects in the structure. As a result, Li* ion conduction can be improved
by creating a pathway for the ions to move throughout the three-dimensional
structure. Theoretically, it is also possible to combine all of the aforementioned

modifications to create a highly conductive material with a stable structure.

1.4.3 Stability of LIRAPs

The stability of LiRAPs has been studied extensively via computa-
tional methods. However, to date very little has been reported experimentally.
With respect to their decomposition products (e.g., LiCl and Li;O), LiRAPs are
reported to be thermodynamically metastable. Hence, in order to successfully
synthesise LiRAPs and prevent them from decomposing, the kinetic forma-
tion of Li;O must be stopped.*®!¥” Mouta et al., recently reported that Li;OCI
is metastable at all temperatures up to 550 K.'?° It has been suggested that
LizOCl and its decomposition products are separated by a high Gibbs energy
barrier. More recently, there have been further suggestions that Li3OCl is en-

tropically stabilised above 480 K.13

Emly and co-workers have investigated the phase stability of LizOCl
and Li3OBr in considerable detail using first-principles calculations and have
suggested that both LizOCl and LizOBr are only stable in the absence of Li,O,
hence, the synthetic method used is extremely important.” Emly et al., have
also suggested that additional anti-perovskite structures could form during
synthesis, including Li;;OsCls and LisO,Cl, the structures of which are shown
in Figure 1.16.> When examined, it is unsurprising that these phases could
form, as the structures can be directly derived from the Li3OCl structure with

relative ease by simply removing LiCl units.

Zhang et al., calculated the band gap for Li3OCl via density of states
calculations and determined that it exceeds 5 eV, suggesting that LizOCl is
suitable for use in high voltage batteries.'?” This is in stark contrast to Emly

et al., who reported Li3OCl not to be stable above an applied voltage of 2.5 V
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Figure 1.16: The structures of (a) Li;O,Cl, displaying distorted edge sharing LisO octahedra,
and (b) the structure of Li;yO4Cls, displaying corner sharing LigO octahedra owing to two
vacant LiCl units.> Reprinted with permission from A. Emly, E. Kioupakis and A. Van der

Ven, Chem. Mater., 2013, 25, 4663 — 4670. Copyright 2013 American Chemical Society.

unless the formation of LiO is prevented.>® Above 2.5 V, Li3OCl is susceptible
to decomposition to Li;O,, LiCl and LiO4Cl. Hence, this suggests that LizOCl
is only suitable for low-voltage battery applications and cannot be used in high
voltage batteries. It is noted that all of the stability studies published to date
are solely computational. Hence, detailed experimental studies that monitor

decomposition products and rates are still needed.

1.4.4 Ionic Conductivity and Li-ion Transport Mechanisms

The bulk conductivity of LiRAPs is reported to be highly dependent
on temperature. An Arrhenius-type relationship is reported to exist at high
temperatures, meaning Li* ion conductivity increases exponentially with tem-
perature.'?* However, it is noted that the conductivity of a material is also de-
pendent on both the concentration and mobility of the mobile species, e.g., the
ions present. Typically, ions conduct through a material either via a vacancy
(Schottky) or interstitial mechanism (Frenkel). %2 The precise mechanism for
conduction will depend heavily on both the composition of the material and

its structure.
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LizOCl s reported to exhibit an ionic conductivity of 0.85 X 10> S cm™*
at RT, which increases to 4.82 x 1072 S cm™! at 250 °C.12* Whereas a mixed
composition sample, Li3OCly 5Br 5, is reported to exhibit an ionic conductiv-
ity of 1.94 x 1073 S cm™! at RT, which increases to 6.05 x 107> S cm~! at 250
°C.12% These values are considerably higher than Li3OCl and LizOBr at both
RT and 250 °C. A specific ionic conductivity value has not been reported for
Li3OBr by Zhao and Daeman, although it is indicated to be lower than LizOCl
and Li3OCly5Brg 5. 2* This change in conductivity is believed to be an attribute
of the unit cell size and the associated changes in structure. For example, in
LizOBr, the size of the A-site anion results in an almost ideal cubic structure,
i.e., very little structural distortions present. As a result, there is no space for
Li" ion movement, making Li3OBr a relatively poor ion conductor. In contrast,
because Li3OCI has a smaller A-site anion, the structure contracts and the co-
ordination of the Cl reduces from 12 to 8. This causes the LicO octahedra to
tilt and, in doing so, limits the ability of the Li* ions to move. The mixed halo-
gen composition, Li3OCly5Brg5, has two different anions on the A-site. This
results in a larger unit cell with less distortion, thereby providing sufficient
interstitial space in the chlorine-containing A-sites for Li" ions to pass, while
the A-sites containing Br™ help to stabilise the structure. Hence, when com-
pared, the mixed compositions produce the highest conductivities. However,
it is noted that very few experimental studies have been completed to date for
both the mixed and non-mixed compositions. Hence, there is still considerable

scope for investigation.

The values stated above seem very promising however, it must be
noted that they are heavily dependent on the method of sample preparation. It
is possible that the samples used for the conductivity measurements had non-
ideal stoichiometries owing to the presence of defects. As with all conductivity
studies, the samples were annealed at high temperatures for several days prior
to undertaking the measurements. Hence, it is possible that the samples were
depleted of Li during the annealing process. In all of the studies completed to
date, no post synthetic analysis has been undertaken for the samples investi-

gated. Hence, there is no firm evidence to suggest that the samples have re-
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tained their exact composition after annealing, and to confirm this, additional

analysis is required.

Based on the initial experimental study of LizOCl;_«Bry by Zhao et.
al.,'** computational methods such as first-principles calculations and perco-
lation theory have been used to try and establish the optimal composition re-
sponsible for the highest Li* ion conductivity. It is believed that when 0.235
< x £ 0.395 a higher ionic conductivity will be observed. Ab initio molecular
dynamics (AIMD) simulations completed by Deng and co-workers suggest
that when x = 0.25, LizOCly 75Brp 25, a higher conductivity will be observed
than that of Li3OCly5Brg 5.3 Mixed halide compositions are believed to have
low mixing energies, suggesting that the halides could be disordered at RT.
However, the formation energies are small and positive indicating that a solid-
solution could also form at RT. At present, the mixed halide sublattice structure

in LiRAPs is unknown. Hence, again there is considerable scope for further in-

vestigation.

Many of the theoretical studies published to date have attempted to
understand the mechanisms involved in Li* ion transport and to determine
whether it occurs via a vacancy or interstitial mechanism or, indeed, a combi-
nation of the two. Zhang et al., suggested that Li* ions move along the LisO
octahedron edge.'?” It has also been suggested that the Li sublattice melts
at lower temperatures when compared to the anion sublattice. Hence, the
melted Li sublattice will enable faster Li* ion movement, as the cell volume
will expand, allowing extra interstitial space for the Li* ions to migrate. Mean-
while, the anions will remain in their local positions, meaning that only the Li*
ions are mobile throughout the structure. During AIMD simulations, sublat-
tice melting temperatures of 206.85 and 176.85 °C were used for LizOCI and
LizOBr, respectively. The proposed differences in melting temperatures of the
two sublattices appears to explain the dramatic increase in conductivity ob-

served closer to the melting point of the product.

Emly and co-workers have proposed that movement of the Li ions oc-

curs via a dumbbell interstitial mechanism, involving three Li atoms (Figure
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1.17).> Energy barriers for Li* ion movement via both a vacancy route and
an interstitial route were calculated during the study, and for both Li3OCl and
LizOBr, the energy barriers for the interstitial route were found to be much
lower than those calculated for vacancy migration. Hence, this suggests that
interstitial movement is the dominant process taking place during conduction.
Based on their simulations, Emly ef al. proposed that, during conduction, an
interstitial Li coordinates with a Li bound in the LigO octahedra to form a
dumbbell (Figure 1.17(a)).” This dumbbell then displaces both of the Li atoms
such that the centre of the dumbbell is at the centre of the octahedron corner,
the original position of the bound Li (Figure 1.17(b)). One Li in the dumbbell
moves into an octahedral site and the second Li forms a dumbbell with the
next Li (Figure 1.17(c)). This results in a coordinated movement of the dumb-

bell throughout the structure.

In a similar manner to Emly et al.,” Deng and co-workers also cal-
culated the energy barriers for vacancy migration in Li3OCl and LizOBr and
obtained values of 328 and 361 meV, respectively.'®! These values are lower
than those initially reported by Emly et al.> However, both studies suggest
LizOBr is a poorer conductor than LizOCl.

Figure 1.17: A schematic representation of Li movement via a dumbbell interstitial mech-
anism proposed by Emly and co-workers.>® Reprinted with permission from A. Emly, E.
Kioupakis and A. Van der Ven, Chem. Mater., 2013, 25, 4663 — 4670. Copyright 2013 Ameri-

can Chemical Society.
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Li-ion transport mechanisms in LiRAPs have also been investigated
by Mouta and co-workers.!?° They determined, via classical atomistic calcula-
tions, that the concentration of Schottky vacancies is 1 X 10~ at any given tem-
perature and the migration enthalpy is 0.30 eV above RT. For Frenkel defects,
the formation energy was found to be higher, meaning the concentration of de-
fects at any given temperature is 1 X 107!% and the migration enthalpy is 0.133
eV. This suggests that the dominant conduction process in stoichiometric and
in divalent doped materials is via a vacancy mechanism, which is in contrast to
the findings of Emly et al.> However, it must be noted that non-stoichiometric
samples, i.e., those with LiCl deficiency, can undergo a mechanism that results
in interstitial Li sites to balance the charges. In such situations, this could eas-
ily increase the concentration of Frenkel defects above 1 x 1077, causing the Li

to move via the interstitial mechanism with a lower enthalpy.

A LiCl vacancy is created when a CI™ ion is removed for each Li va-
cancy, and similarly, a Li,O vacancy is created when an O?~ ion is removed for
every 2 Li vacancies. LiyO interstitials have a lower formation energy when
compared to LiCl interstitials, most likely due to the size of Cl~ ions.”® Lu et
al., recently completed a theoretical study of the different types of charge neu-
tral defects.!3? Interestingly, their findings regarding Li Frenkel pair defects
agree with those of Emly et al.”® They calculated the formation energy of the Li
Frenkel pairs to be 2.02 eV. The formation energies of LiCl Schottky vacancies,
Li;O Schottky vacancies and Li interstitials stabilised by replacing O on the Cl
site were found to be 1.41, 1.60 and 1.67 eV, respectively. These values suggest
LiCl Schottky vacancies are the most common, as they have the lowest forma-
tion energy. Hence, Lu et al. propose that, in Li deficient LiRAPs, Li moves

predominantly via a Schottky mechanism. 32

Work by Mouta et al., suggests that in LiCl deficient LiRAPs the in-
terstitial mechanism is the dominant process for Li transportation.!3 By cal-
culating the Gibbs energy of structures with vacancies and interstitials, they
determined that structures with interstitials are energetically favourable. In
fact, there are far more interstitial defects when compared with vacancy de-

fects. Hence, they must be the charge carriers. This implies that Li depleted
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samples would make better conductors than cation doped samples. Hence,

they are worth investigating further.

1.4.5 Methods for Improving Ionic Conductivity

In an attempt to increase the ionic conductivity, LIRAPs have been syn-
thesised as thin films using pulsed laser deposition (PLD) methods.!** Thin
films are essential for battery miniaturisation and very specific applications
such as for use in medical devices. Hence, methods for successfully producing
thin films of LiRAPs are needed which are economically viable. It is widely re-
ported in the literature that thin films exhibit higher conductivities than bulk

materials. 13°

To produce thin films of Li3OCl, the bulk ceramic was used as
the source material. The bulk ceramic had a conductivity of 5.8 x 1077 S cm™!
at RT, whilst the thin film had a conductivity of 8.9 X 10° S cm™! at RT. This
further increases to 3.5 x 107 S cm™! at 140 °C. Compositional modifications
can also be made to LiRAP thin films using a composite target for deposition
of the film. For example, the composite target can consist of a mixture of Li,O
and LiCl, which results in an enhanced ionic conductivity of 2.0 x 1074Scm™!
at RT and an even greater increase to 5.9 X 107 S cm™! at 140 °C.13> More-
over, the activation energy of conduction for bulk Li3OCl is 0.59 eV whereas
for the Li3OCl thin films it is 0.36 eV. The lower activation energy for thin films
is likely due to structural differences between the bulk and the thin film. It is
noted that some of the most recent studies of bulk LizOCI quoted much higher
conductivity values 0.85 X 1073 S em™! at RT.12* However, as discussed earlier,

heat treatment and the possible presence of impurities could have contributed

to the values obtained (vide supra).

The synthesis of glass-based LiRAPs has recently been reported by
Braga et al. 136 The general formula is Liz_»MxOX, where M is a divalent metal
and X is a halogen. For Liz_»BaOClI (x = 0.005), conductivity values of 2.5 X
1072 and 24 x 1072 S cm™! have been reported at RT and 100 °C, respectively.
These glassy LiRAPs are also reported to be stable over a large voltage range
(8 V). It is believed that conduction occurs via a vacancy mechanism and the

amorphous nature of a glass assists the migration of ions, leading to a high
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Figure 1.18: The tetragonal unit cell of Li;O;Br;, in space group I4/mmm, displaying LigO

octahedra surrounded by Br ions. '’

ionic conductivity. However, further investigation into these materials is re-

quired to gain additional structural and performance-based information.

Zhu et al., recently reported the presence of the phase Li;O,Br3z in sam-
ples of LizOBr. 138 The structure of Li;O,Brs is shown in Figure 1.18. LiyO,Br3
is a LiO deficient form of LizOBr. When the phase is present, an increase
in ionic conductivity is observed. For example, the reported conductivity of
LiyO,Br3:LisOBr (44:56) is 0.24 X 107* S cm™! at RT, which is higher than that
of LizOBr (107 - 107 S cm™). Hence, this suggests the phase is contributing

to the enhancement of the ionic conductivity.

1.5 Thesis Overview

This thesis is focused on the synthesis of LiRAPs and understand-
ing the precise mechanisms for ion mobility within the anti-perovskite struc-
ture. As discussed earlier, at present, the mechanism for Li-ion transport in
LiRAPs is not well understood, despite the many recent investigations. In or-
der for LiRAPs to be effectively used as solid electrolytes in Li-ion batteries
and future ASSBs, it is essential to study Li-ion migration and the transport

mechanisms within them. An understanding of these mechanisms will enable
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suitable modifications of the structure to be made via, for example, compo-
sitional doping, in order to increase the overall ionic conductivity. Several
solid-state synthetic methods have been explored, and the samples obtained
have been characterised via X-ray and neutron powder diffraction and multi-
nuclear solid-state NMR spectroscopy. The fundamentals of these techniques

are discussed in Chapter 2.

Initially, the project began with attempts to synthesise the LiRAPs
Li3OCl and LizOBr via melt recrystallisation methods using high temperature
annealing. Several synthetic methods were attempted with reaction variables
including the time and temperature being modified in order to determine the
optimal synthetic conditions required. Chapter 3 discusses the findings of

these investigations in detail.

Based on our initial studies of Li3OCl and LizOBr, our research efforts
changed to focus on the hydrated LiRAP Li;OHCI. Considerably easier to
synthesise, LiyOHCl is known to undergo a phase transition to the cubic phase
Pm3m at ~50 °C. Despite several recent theoretical and experimental studies
of Li;OHC], the room-temperature structure of LiOHCl is still somewhat of a
mystery. Numerous space groups have been suggested, but few studies have
provided detailed structural information, complete with crystallographic in-
formation. Hence, we focused our efforts on accurately determining the room-
temperature phase of Li,OHCI. To do so, X-ray and neutron powder diffrac-
tion have been used in conjunction with multinuclear solid-state NMR spec-

troscopy. The results of which are presented in Chapter 4.

As the synthesis of Li,OHCI proved to be a much easier task than
LizOCl, the synthesis of LiRAPs with varying Li and, in turn, H content was
attempted to produce samples in the series Liz_ OH,CI (x = 0.25, 0.5 and 0.75).
The resulting findings are detailed in Chapter 5.

Also of significant interest is the ion mobility in Li,OHCl, and, in par-
ticular, the precise source of ion mobility. Using variable-temperature X-ray
and neutron powder diffraction, alongside solid-state NMR spectroscopy, the

phase transition in LiOHCI has been probed, and the associated structural
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changes monitored. Using a variety of complementary techniques, a very in-
timate structure-mobility relationship has been identified, the details of which

are discussed in Chapter 6.

Finally, the flexibility of the LiRAP structure and its influence on the
potential functionality and ion mobility of the system was investigated via
compositional doping. Like many other perovskite-based systems, compo-
sitional doping has a substantial effect on the structure. This was investi-
gated by substituting OH™ with F~ and C1™ with Br™ in Li,OHCI, to produce
Lip(OH)o9Fo.1Cl and Li,OHCl;_«Bry (x was varied from 0.1 to 1). The resulting

findings are discussed in Chapter 7.

Chapter 8 summarises the findings presented and discusses the poten-
tial for LiRAPs to be used as solid electrolytes in future ASSBs. Based on the

findings presented, suitable directions for future work are also suggested.
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2 Experimental Techniques

2.1 X-ray Diffraction

2.1.1 Introduction6%13%140

X-ray diffraction (XRD) is a technique used to investigate the long-
range order in crystalline materials. The phenomenon of diffraction can be
easily described by thinking of a crystalline material as consisting of layers or
planes of atoms. These layers are called Miller planes and are separated by a
distance dpi, known as the d-spacing, and are labelled using integers known
as Miller indices (hkl). X-rays are electromagnetic radiation with wavelength
~1 A, which is comparable to the interatomic distances within crystalline ma-
terials. Hence, an incident X-ray beam will be reflected by these planes, as
shown in Figure 2.1. It can be seen that the beam reflected by the second layer
has a longer path (XY + YZ). For constructive interference to occur between the

two reflections, the path difference must be an integer number of wavelengths.

Diffraction-based methods can be described using Bragg’s Law and

the Bragg equation,

nA = Zdhklsine, (2.1)

where dpy is the distance between the planes, 0 is the angle of incident and

diffraction, n is an integer and A is the wavelength of the radiation used. It

Figure 2.1: A schematic representation of X-rays being reflected from adjacent planes.
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must be noted that the Miller planes used for the derivation of Bragg’s Law
are merely a concept used to understand and explain the diffraction process.
In reality, crystal structures are composed of a lattice formed via a regularly
repeating unit cell, where atoms are rarely located on sites corresponding to

such layers.

2.1.2 Generation of X-rays 2140141

Laboratory X-rays are produced using an X-ray tube. In this tube, a
beam of accelerated electrons strikes a metal target, typically Cu or Mo. The
electrons decelerate as they penetrate the metal target and produce radiation,
called Bremsstrahlung or ‘white radiation’, shown in Figure 2.2, which con-
sists of a continuous range of wavelengths. *> More specifically, this particular
type of radiation is not useful for diffraction-based experiments. Instead, the
radiation generated from electrons being expelled from the atoms within the
metal can be used. The electrons produced can lead to ionisation of the metal,
and an electron from the core shell is removed and is replaced by an electron
from a higher energy orbital. This change in the energy is emitted in the form

of X-ray radiation.

Bremsstrahlung

/

Intensity

Wavelength (A)

Figure 2.2: A schematic representation of Bremsstrahlung, K, and Ky radiation.
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The work presented here used X-rays generated via a Mo source. For
Mo, 2p — 1s transitions produce K and K, radiation, with wavelengths of
0.7093 and 0.7135 A, respectively. Two different wavelengths are produced
as the electrons in the 2p orbital have two possible spin states. A transition
from a 3p to 1s orbital produces K radiation with a wavelength of 0.6323 A.
X-ray diffraction requires monochromatic radiation, therefore to isolate the K
radiation Nb foil is used to absorb the K radiation. Since K consists of both
Ka and Ky, radiation, X-ray diffraction patterns obtained using both of these
wavelengths can exhibit poor resolution. Hence, a suitable monochromator

can be used to isolate a single wavelength.

2.1.3 Powder Diffraction %13%140

The X-rays generated in an X-ray diffraction experiment will interact
with the electrons present in matter and, upon contact with a powdered crys-
talline sample, the X-rays will be scattered by the electron density in various
directions. As the powdered sample contains a large number of tiny crystal-
lites oriented in different directions, the result is many cones of diffracted ra-
diation, as shown in Figure 2.3. These cones are formed by closely spaced
dots from diffraction by each of the individual crystallites within the sample.
A large number of crystallites results in the dots joining together to form a

continuous cone. A moving detector traces a line through all of the cones to

X-ray beam

—\
N

Figure 2.3: A schematic representation of the cones of radiation produced during a powder

X-ray diffraction experiment.
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produce a diffraction pattern.

Compounds containing atoms with a high atomic number scatter more
intensely than those containing atoms with a low atomic number. The scat-
tering is dependent on the number of electrons present in the sample so it is
proportional to the scattering factor, f;. The scattering factor, also known as
the form factor is dependent on the scattering angle. The scattering power de-
creases at higher angles due to the finite size of the electron cloud. A schematic
representation of the fall off in scattering power for Ca** and F~ is shown in
Figure 2.4. The structure factor, Fyy, is related to the scattered intensity in a

diffraction pattern and a particular reflection can be defined by,

N
Fra = D | fi exp (2mi(hxi + kyi + 1zi)), (2.2)
i=1

where hkl are the miller indices and (xi, yi and zi) are the fractional coordi-

nates. The intensity of this reflection can be written as,

Thia = B, - (2.3)
18
Ca2+
5 10
S F-
8
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O
n
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Figure 2.4: A schematic representation of the form factors of Ca** and F~ showing the fall

off in scattering power with increasing angle (0).
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2.2 Neutron Diffraction 62140143

2.2.1 Introduction

Neutrons are uncharged subatomic particles with spin-1/2 and a mass
of 1.67 X 107% kg. Neutrons also have comparable wavelengths to atomic
spacings in crystalline materials, enabling diffraction experiments to be per-
formed. Unlike X-rays, neutrons are scattered by the nucleus of an atom in-
stead of the electron cloud. Hence, the scattering power (cross-section) of neu-
trons does not reduce with increasing angle, as it does in X-ray diffraction (vide
supra). This gives neutron diffraction a few advantages over conventional X-
ray diffraction. Specifically, it is easier to detect light atomes, i.e., hydrogen, in
the presence of heavier atoms. It is also easier to distinguish between neigh-
bouring elements in the periodic table and different isotopes of the same ele-
ment as they are likely to have substantially different cross-sections. However,
this technique also has some disadvantages, predominantly the high costs re-
quired to run and maintain neutron diffraction facilities, as well as the large
sample quantities needed for such experiments. Furthermore, the user time
allocation is becoming increasingly competitive due to high demand. Hence,

it is harder to get experimental time at these facilities.

2.2.2 Generation of Neutrons %14

Neutrons can be generated either via a nuclear reactor or a spallation
source. In a nuclear reactor, neutrons are produced via chain reactions of
neutron-induced fission of a heavy nucleus such as °U. The neutrons pro-
duced by fission are fast neutrons meaning they have high energies (MeV
range). However, for neutron-induced fission slow neutrons are needed, with
energies in the meV range. So, in order to maintain the fission process, the neu-
trons must be slowed down. This is achieved using a moderator. The neutrons
produced via a nuclear reactor need to be passed through a monochromator
to produce a beam with a fixed wavelength that is suitable for diffraction ex-
periments. During such experiments, since a fixed wavelength is used, the

detector is moved.
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In a spallation source, neutrons are produced by firing a beam of high
energy protons at a heavy metal target. This high energy proton beam is ob-
tained via a linear particle accelerator and a synchrotron. The interaction be-
tween the protons and the target metal emits neutrons, and this is called the
spallation process. The neutrons produced are then moderated to ensure that
they are suitable for neutron scattering. In a spallation source, the neutron flux
produced is pulsed, as accelerator-based sources are typically pulsed. This
is ideal for completing time-of-flight (TOF) neutron diffraction experiments.
During TOF experiments, the time taken (t) for a neutron to travel from the
moderator to the detector (via the sample) is measured. This allows us to cal-
culate the neutron wavelength (assuming that elastic scattering is taking place)

as follows,

mp
L P 2.4
t= 200N, 24

where m,, is the mass of a neutron, h is Plank’s constant, L is the flight path
of the neutron and A is the neutron wavelength. The TOF technique does not
require a monochromatic neutron beam. Hence, a moving detector is not re-
quired, and fixed detector banks positioned at different angles are used in-

stead.

2.2.3 The High Resolution Powder Diffractometer (HRPD) 144145

HRPD is one of the highest resolution neutron powder diffractometers
in the world, and it is located at ISIS neutron spallation source, Rutherford Ap-
pleton Laboratories, Didcot, UK. HRPD has a long flight path, located ~96 m
from the target at the end of a neutron guide, which ensures a greater resolu-
tion, making HRPD suitable for studying materials that exhibit subtle struc-
tural changes such as phase transitions. HRPD has three fixed detector banks,
the backscattering (158.46° < 20 < 176.11°), 90° (80.41° < 20 < 99.59°) and low
angle (27.47° < 20 < 32.22°). The backscattering and 90° banks use ZnS scintil-
lator detectors, whereas the low angle bank uses *He gas tubes for detectors.
The resolution of a diffractometer is highest when Ad/d is at a minimum. A
low value of Ad/d means that the spread in a Bragg reflection has been min-

imised. On HRPD the highest resolution is obtained via the backscattering
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bank as it has the lowest Ad/d (~6 x 107*) of all the banks and d-spacings of

up to 4 A can be examined.

2.3 Rietveld Analysis®>140,146

The Rietveld method was originally proposed by Hugo Rietveld in
1969,47-149 and it is a popular method for the analysis of powder diffraction
data. This method requires some prior knowledge of the structural model, as
the diffraction pattern obtained is compared to a model generated via a crystal-
lographic information file (cif). In the current study, all structural refinements
were completed using a program called the General Structural Analysis Sys-
tem (GSAS), % where parameters such as the background, detector zero point,
lattice parameters, profile coefficients and thermal coefficients can be varied to
generate a profile that is compared to the experimentally obtained XRD pat-

tern.

Polycrystalline samples often produce many overlapping peaks, mak-
ing it extremely challenging to fit each peak individually. The Rietveld method
does not attempt to index and fit individual peaks. Instead, the whole pat-
tern is fitted at once to the structural model using a least-squares minimisation
method. The parameters listed above are refined until the residual (Sy) is min-

imised. Sy is calculated as follows,

1
Sy=2, ;(Yoi —yai), (2.5)

1

where y,; is the observed intensity and y,; is the calculated intensity. The pa-
rameter Yll is required so that all the peaks are fitted with equal preference. This
avoids peaks with higher intensities being fitted preferentially. The ‘'goodness
of fit" is characterised via R-factors such as the R-profile (R,) and R-weighted

profile (WRy), given by,
Z |YOi - YCil
1

Rp=——F—7—7-—, 2.6
P > ve (2.6)

Z %(ym - YCi)
wRp= |[——M . (2.7)
T\ 2 i
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Another parameter used to determine the quality of fit is x?, given by,

Z %(YOi - YCi)2
i

2 _
X="N-P+C ' (28)

where N corresponds to the number of observations, P is the number of pa-
rameters refined, and C is the number of constraints applied. A x? value of 1
corresponds to a perfect fit. All of the cifs used in the work presented were
obtained from the Inorganic Crystal Structural Database (ICSD), and all struc-

tural refinements were completed using GSAS. !>

2.4 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a technique used
to investigate the local structure of a material. NMR is a non-destructive tech-
nique that does not require a material to possess any long-range ordering. It is

therefore suitable for ordered, disordered and amorphous systems.

2.4.1 Introduction1%1-156

All nuclei possess an intrinsic spin angular momentum, I, the magni-

tude of which can be described by,

| =hIT+1). (2.9)

I is the corresponding spin quantum number and is determined by the num-
ber of unpaired protons and neutrons. When I = 0, the nuclei are said to be
NMR inactive. Therefore, only nuclei possessing spin greater than zero (I > 0)
can be investigated via NMR spectroscopy. The spin angular momentum is a
vector quantity, meaning it has both direction and magnitude, both of which
are quantised. The projection of this angular momentum vector onto the z-axis
is given by,

I, = mih, (2.10)

where mj is the magnetic quantum number with integer values ranging from

+I to —I. This results in 2] + 1 states that are degenerate in energy. Nuclei
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possess a magnetic dipole moment, u, given by,

u=vI (2.11)

where v is the gyromagnetic ratio of the nucleus. The value of y differs for each
nucleus. If y is positive then the magnetic dipole moment is parallel to the spin
angular momentum, and if y is negative then the magnetic dipole moment is

antiparallel to the spin angular momentum.

In the absence of an external magnetic field, By, all 2] + 1 orientations
of I are degenerate. However, upon the application of a magnetic field this
degeneracy is broken because an axis of quantisation has been defined and the
nuclear spins align themselves relative to Bp. This is known as the Zeeman

interaction and the energy of each state can be described by,
E = —uzBo, (2.12)

where 7 is the projection of the magnetic dipole onto the z-axis. Hence, the

energy of a state with magnetic quantum number mj, is given by,
E= —lehBo. (2.13)

This leads to the 2I + 1 states of a spin I nucleus losing their degeneracy, re-
sulting in equally spaced energy levels, as shown in Figure 2.5. The change in
energy (AE) between the nuclear energy levels relates to the frequency (vo) of

the transition and can be described by,

AE
wWo = 27T\/0 = 7 = —YB(), (2.14)

where wy is the Larmor frequency, also known as the resonance frequency.

Allowed transitions follow the spectroscopic selection rule, Amy = +1.

The frequency at which the nuclei resonate is not solely dependent on
the gyromagnetic ratio and the magnetic field, it is also affected by the en-
vironment experienced by the nuclei. The applied magnetic field causes the
electrons in the sample to circulate, resulting in an internal field. If the inter-
nal field is parallel to the applied field, then the nucleus is deshielded as the

internal field augments the external field. Conversely, if the internal field is
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I=1/2 [=1 I=3/2

m, = -3/2
m, = -1 W,
m, =-1/2 w, m, =-1/2
W, m,=0 W,
m, = +1/2 0, m, =+1/2
m, = +1 ,
m, = +3/2

Figure 2.5: A schematic representation of the effect of the Zeeman interaction on the nuclear

energy levels of nuclei with spin = 1/2, 1 and 3/2.

perpendicular to the applied field, then the nucleus is shielded as the internal

field opposes the external field. Hence, the actual resonance frequency is given

by,

w’ = —yBy(1 - 0), (2.15)

where o is the shielding constant. This changes the resonance frequency of the
nucleus, thereby allowing for the characterisation of different environments
within a single sample. However, the shielding is a relatively inconvenient
method for measuring the chemical shift of a nucleus. Instead, a deshielding

parameter, §, is used,

& = 10°((w — Wyef)/ Wref), (2.16)

where w is the resonance frequency and wys is the reference frequency. w.s
is determined using a standard sample, the chemical shift of which, is set at 0
ppm. The deshielding parameter, 5, also known as the chemical shift, is quoted
in parts per million (ppm). It is specific to the sample under investigation and

is independent of the magnetic field used.

51



2.4.2 The Vector Mode] 1517153157

The vector model is a convenient model for understanding the basic
principles of an NMR experiment. It can be described using classical mechan-
ics, therefore, it is easier to comprehend. When a sample is placed in a mag-
netic field, the nuclear spin magnetic moment interacts with the magnetic field.
The system has the lowest energy when the spins are aligned parallel to the ap-
plied field, though this alignment is disrupted owing to the random thermal
motion. However, a Boltzmann population difference between the aligned and
anti-aligned spins results in a net alignment of the spins, giving rise to a bulk

magnetisation vector, M.

In an NMR experiment, a pulse of intense RF radiation is applied to
a sample. The frequency of this radiation, wy, is close to the resonance fre-
quency, wy, of the nucleus of interest. The pulse that is applied has a strength
B1 and duration tp. When the pulse is applied it simultaneously excites all
resonances within a sample. This, in turn, affects the orientation of My. It is
easiest to visualise this interaction in the ‘rotating frame’ rather than a static
frame of reference. The rotating frame is a frame of reference which is itself
rotating about the z-axis at frequency wy¢. In this frame, My precesses around

By at frequency Q, with an effective magnetic field, Bgff ,along z,

Q = wo — wye, (2.17)

Q
Beff = =By~ % (2.18)

In the rotating frame, a pulse can be described as a static field, By, that
is applied perpendicular to By. If a pulse is applied along x, My nutates into the
xy plane. Once removed, My undergoes free precession at frequency . This is
shown schematically in Figure 2.6. The bulk magnetisation vector will return
to equilibrium via relaxation mechanisms such as spin-spin relaxation (trans-
verse) or spin-lattice relaxation (longitudinal). Spin-spin relaxation is the loss
of magnetisation from the xy plane, and it is described via the time constant,
T>. This relaxation process leads to the decay observed in the NMR signal

which is, in turn, responsible for peak broadening. Hence, the peak width at
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Figure 2.6: Vector model representations of (a) the bulk magnetisation vector, My, aligned
along the z-axis of the rotating frame, (b) a radiofrequency pulse, By, applied along the
x-axis, resulting in the nutation of My into the xy-plane and (c) following nutation, M,

undergoes free precession in the xy-plane at frequency Q.

half maximum (Av) is given by,

Av=—. (2.19)

Spin-lattice relaxation is the return of the z component of the magneti-
sation to equilibrium and is described via the time constant T7. This process
essentially determines the duration of time needed before another radiofre-
quency pulse can be applied in order to repeat the experiment. In general, Ty
values tend to be greater than T, although both are sample dependent. Any
change in the environment of the nuclei under investigation, i.e., a phase tran-
sition or ion mobility will have a significant impact on the relaxation processes.
Hence, measuring these time constants can provide in-depth information re-
garding the environment of the nuclei being investigated, and can be incredi-

bly useful for studying structural changes in samples on the local scale.

The relaxation process results in a free induction decay (FID), an oscil-
latory signal which decays over time. This signal is then Fourier transformed
(FT) to produce a frequency-based spectrum, as shown in Figure 2.7. The

Fourier transform enables conversion between time-domain and frequency-
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Figure 2.7: A schematic representation of an FID signal and the spectrum produced follow-

ing Fourier transformation.

domain data and can be described by,

F(w) = J: f(t)elvtdt, (2.20)

where f(t) is a time-domain signal. If the signal acquired were to oscillate indef-
initely, a sharp peak at the oscillation frequency would be obtained. In reality,
the signals obtained do not oscillate indefinitely but decay over time, resulting

in peak broadening.

2.5 Interactions in NMR 153.157-162

Solution-state NMR spectra commonly exhibit sharp and narrow line-
shapes. As a result, it is possible to obtain detailed structural information
from interactions such as the scalar couplings. This is because, in solution,
orientationally-dependent, or anisotropic interactions are averaged to their
isotropic value due to rapid molecular tumbling. In solids, however, there
is no such motion. Hence, the presence of anisotropic interactions, gives rise
to very broad resonances, thereby making the extraction of structural informa-
tion quite challenging. Anisotropic interactions that take place between differ-
ent spins are known as dipolar couplings, and those that can occur between
spins and their environment include the chemical shift anisotropy (CSA) and
the quadrupolar interaction. Many of these interactions are described using

a three-dimensional tensor (vide infra) and, in many cases, it is convenient to
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Figure 2.8: A schematic representation of conversion between the laboratory frame and the

Principal Axis System (PAS) via rotation.

use a frame defined by the magnitude and shape of the interaction. This frame
is known as the Principal Axis System (PAS). A schematic representation of
the conversion between the laboratory frame and PAS via rotation is shown in

Figure 2.8.

2.5.1 Scalar Couplings

Scalar couplings, also referred to as J-couplings, are a through-bond
interaction that provide information regarding the connectivity of the system.
Scalar couplings are prominent in solution-state NMR with couplings typically
on the order of a few tens of hertz. For example, solution-state spectra often
exhibit multiplet splitting patterns resulting from J-couplings. However, in
solid-state NMR (SSNMR), they are typically dominated by much larger inter-

actions such as the quadrupolar interaction.

2.5.2 Dipolar Couplings

Dipolar couplings are through-space anisotropic interactions. The mag-
netic dipole moments of nuclei produce small, localised magnetic fields, By,
which interact with the dipole moments of neighbouring nuclei. This is shown
schematically for three different spins in Figure 2.9(a). The effect of spin i on
spins j and k is different due to the anisotropic nature of this interaction. This
interaction is affected by the strength of the dipole moments, the distance be-

tween and the geometry of the spins, as demonstrated in Figure 2.9(b) for spins
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i and j. The dipolar interaction, wp, can be characterised as follows,
1
wp = ng5§(3coszei,~ —1), (2.21)

where w* is the dipolar coupling constant and is described by,

PAS
D

Yivih

wPAS _ _Ho ih7

D 47t r%
]

(2.22)

where g is the vacuum permeability and rj; is the distance between the spins
iand j. As described in these equations, the dipolar interaction depends upon
the gyromagnetic ratios of nuclei i and j and the distance between them. Dipo-

lar couplings tend to be quite large, typically on the order of a few kilohertz.

Dipolar couplings can occur between heteronuclear and homonuclear
spins. In the case of the heteronuclear dipolar interaction between two spins,
the spectrum would consist of a doublet centred around the Larmor frequency
with a splitting of 2wp, as shown in Figure 2.10(a). In a polycrystalline sample,
numerous different orientations exist, and a range of splittings are observed.
This results in a complex lineshape called a Pake doublet, as shown in Figure
2.10(b). For homonuclear dipolar coupling, a similar spectrum is observed but
with a splitting of 3wp. Similar to heteronuclear dipolar couplings, a pow-

dered sample will produce a Pake doublet lineshape.

J

(a) (b) B,

Figure 2.9: (a) A schematic representation of the dipolar interaction between spins i, j and k

and (b) the geometry between spins i and j, with respect to the external magnetic field, By.
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Figure 2.10: (a) Simulated lineshape for a heteronuclear dipolar coupled nucleus with a

splitting of 2wp and (b) the Pake doublet lineshape expected for a powdered crystalline

sample.

2.5.3 Chemical Shift Anisotropy (CSA)

As discussed previously, the exact frequency at which a nucleus res-
onates is dependent upon the degree of shielding or deshielding experienced
by the nucleus, resulting in the chemical shift interaction. In a solid sample,
the shielding is orientationally-dependent, as the electron distribution around

a nucleus is anisotropic. Hence, the chemical shift is given by,
1
§ = diso + EACSA(C%COSZB —1 +ncsasin?d cos 2¢), (2.23)

where 0;s,, is the isotropic component, Acsa is the magnitude of the anisotropic
component and ncsa is the asymmetry, with values ranging between 0 and
1. In solution-state NMR, the anisotropic component is removed due to rapid
molecular tumbling and = d;s,. In the solid-state, however, the anisotropic in-
teraction remains, and the shielding can be described by a three-dimensional
tensor, which can be visualised as an elongated ellipsoid, as shown schemati-
cally in Figure 2.11. The length of the ellipsoid corresponds to the magnitude
of the anisotropy, and the cross-sectional shape represents the asymmetry. The

angles 0 and ¢ describe the orientation of the ellipsoid, with respect to By.

In a powdered sample, there will be many different molecular orien-

tations, each with a distinct chemical shift. Hence, the overall spectrum ob-
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Figure 2.11: A schematic representation of the shielding tensor in the PAS. The angles 6 and

¢ describe the orientation of the tensor with respect to the external magnetic field, Bo.
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Figure 2.12: Simulated CSA lineshapes for (a) a cubic system and a spin I = 1/2 nucleus with

Acsa =100 ppm and ncsa of (b) 0, (c) 0.5 and (c) 1.



tained for the sample will consist of a broad resonance, the shape of which will
be representative of the number of each different type of orientation present.
The CSA lineshapes obtained are characteristic of the asymmetry of the tensor.
Figure 2.12 shows the expected lineshapes for a cubic system where there is

no anisotropy, an axially symmetric system (n = 0) and an axially asymmetric

system (1 # 0).

2.5.4 Quadrupolar Couplings

Nuclei with a spin quantum number greater than 1/2 exhibit quadru-
polar interactions as they possess a nuclear electric quadrupole moment, eQ,
which interacts with the electric field gradient (eq or EFG) generated at the nu-
cleus by the other atoms present in the sample. This interaction is anisotropic,
and the magnitude of the interaction depends both on the local environment
and the nuclear electrical quadrupolar moment of the nucleus under investiga-
tion. In most cases, this interaction is very large and results in inhomogeneous
broadening of the spectrum on the order of megahertz. Similar to the CSA,
the anisotropy of this interaction can be described by an ellipsoid, and in its
PAS it can be described by three principal components; Vxx, Vyy and Vzz. The
magnitude of the EFG is given by eq = Vzz and its cross-sectional shape can be
described by an asymmetry parameter, nq, given by

_ Vxx — Vyy

2.24
V., (2.24)

1Q

and ranges between 0 and 1. The magnitude of the quadrupolar interaction

can be described by the quadrupolar coupling constant, Cq, in hertz by,

_ eQVzz _ e’qQ

Co h h

(2.25)

The value of Cq can provide information regarding the symmetry of the nu-
cleus under investigation. For a perfectly symmetrical system, Cq would be
0 as the charge will be spherically distributed. However, for systems with re-

duced symmetry, the value of Cq will be much higher.

The quadrupolar interaction can be described using a first- or second-

order approximation. Even though the quadrupolar interaction is quite large,
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the Zeeman interaction remains the dominant interaction. Hence, the quadru-
polar interaction is described as a perturbation of the Zeeman energy levels.
The effects of the first-order interaction on I = 1 and I = 3/2 nuclei is shown in
Figure 2.13(a). To a first-order approximation the energy levels are perturbed,
and the transitions are split into 2I transitions. The resulting resonances are all
equally spaced by 2wq, as shown in Figure 2.13(b). The quadrupolar splitting

parameter, wq, can be described by,

wPAS

wo = %(3 082 0 — 1 + 1o (sin? 0 cos 24)), (2.26)

where the angles 0 and ¢ describe the orientation of the PAS with respect to

PAS

o sinrad s1 is given by;

By and w

3nC

PAS Q

w = —. 2.27
Q 2121 - 1) ( )

As a powdered sample will have many different orientations, the resulting

spectra will contain a lineshape akin to those shown in Figure 2.13(c).

It is also observed that for half-integer spins the central transition is
not affected by the first-order interaction, resulting in a sharp peak. The satel-
lite transitions, however, are broadened by this interaction, as demonstrated in
Figure 2.13. For integer spins, there is no central transition, and all transitions
are affected by the first-order interaction. The shape of the resulting powder
pattern will vary depending on the value of ng. Figure 2.14 shows simulated
lineshapes for a spin-1 nucleus with a Cq of 25 kHz and values of ng rang-
ing between 0 and 1, under static conditions. As ng is varied the lineshape
changes, thus demonstrating that an analysis of the lineshape obtained allows
for the extraction of quadrupolar parameters which describe the environment

of the nucleus under investigation.

Typically, the quadrupolar interaction is considerably larger and re-
quires a second-order approximation. The effects of the second-order interac-
tion on the energy levels of a spin I = 3/2 nucleus are shown schematically in
Figure 2.15. As this interaction is so large, even the central transition is per-
turbed, and the satellite transitions are often not observed as they are broad-

ened. The effect of this perturbation on a transition frequency m; «— —mj can
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Figure 2.13: (a) First-order perturbation of the Zeeman energy levels by the quadrupolar in-
teraction for spin-1 and 3/2 nuclei. (b) The corresponding simulated spectra with a splitting

of 2wg and (c) the expected simulated lineshapes for powdered crystalline samples.
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Figure 2.14: Simulated lineshapes for a spin-1 nucleus under static conditions with Cq = 25

kHz and ng ranging between 0 and 1.
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Figure 2.15: First- and second-order perturbations of the Zeeman energy levels arising from

the quadrupolar interaction for a spin-3/2 nucleus.

be described by,
ngs 2
@ _g@ _ 0 2 2 2
E|mI> E|_mI> = wo [A (I/ mI) +A (I/ mI) doo(e)doo(X)

+AY(I, my) dgy(0)dg,(x)], (2.28)

where A"(I,mj) are coefficients that are dependent upon spin and energy lev-
els, © and x describe the orientation of the crystallite and the rotor with re-
spect to the applied field. The second order interaction consists of an isotropic
shift proportional to A°(I,mj) and second- and fourth-rank anisotropic terms
proportional to A%(1, my) déo(e)d(z)o(x) and A*(I, my) dgo(e)déo(x), respectively.
Figure 2.16 shows the effects of the second-order perturbation on the lineshape
observed for a spin I = 3/2 nucleus with a Cq of 2 MHz, where 1q is varied
from 0 to 1. The central transition exhibits a complex lineshape, which is in
contrast to that observed for a first-order approximation (Figure 2.13), where

the central transition was a single sharp line.
For a spin I = 3/2 nucleus with an ng of 0, Equation 2.28 can be sim-
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Figure 2.16: Simulated lineshapes for a spin-3/2 nucleus under static conditions with Cq =

2 MHz and ng ranging between 0 and 1.

plified to,
(wPAS)Z ) 8 54
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Here, the first term represents the isotropic component, and dgo(second-rank
interaction) and déo(fourth-rank interaction) represent the anisotropic compo-
nents, and the orientational dependence of these interactions on 6 can be de-
scribed by,

d3,(0) = %(3 cos?0 — 1), (2.30)

1
dg,(0) = g(35 cos*0 — 30 cos?0 + 3). (2.31)

2.6 Magic-Angle Spinning!>318

As discussed previously, in the solution-state, anisotropic interactions
are averaged to their isotropic value due to rapid molecular tumbling. Hence,
solution-state NMR spectra commonly exhibit very narrow lineshapes with
complex multiplet splitting patterns. In contrast, in the solid state, all of the
interactions detailed previously (vide supra) are present simultaneously, result-

ing in very broad resonances, making it extremely challenging to extract useful
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structural information. It is possible to suppress the anisotropic interactions
present by the introduction of artificial motion on solids. This technique is
called magic-angle spinning (MAS) and is widely used in solid-state NMR ex-

periments.

During an experiment, the sample is oriented at an angle of 54.736°
relative to the external magnetic field, By, and spun at various rates. This pro-
cess is demonstrated schematically in Figure 2.17. Whilst spinning does not
entirely replicate the isotropic motion of a liquid, it does ensure that all the
spins adopt a similar orientation. This particular angle is chosen as the dipolar
coupling, CSA and the first-order quadrupolar interaction show a dependence
on (3cos?0 — 1) and when 0 = 54.736° this term is 0, and the interactions are av-
eraged to their isotropic values. In general, MAS NMR spectra display higher

resolution when compared to static NMR spectra.

The rate of spinning is extremely important, it must be greater than or
equal to the magnitude of the interaction(s) being removed. A slow spinning
rate will result in a manifold of spinning sidebands that are evenly spaced

from the isotropic signal. When the spinning speed is varied, the position of

0

Figure 2.17: A schematic representation of a rotor inclined at the magic angle, 6 = 54.736°,

with respect to the external magnetic field, By.
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Figure 2.18: Simulated lineshapes for a spin-1/2 nucleus at MAS rates of 2.5, 5 and 10 kHz.
The isotropic signal is at § = 0 ppm and the spinning sidebands are denoted by *.

the sidebands will change, whereas the position of the isotropic signal will
remain the same. This is demonstrated in Figure 2.18, where the spinning
sidebands move further away from the isotropic signal, and their intensities

decrease with increasing spinning rate.

The rate of spinning is also dependent upon the size of the rotor. Ro-
tors used for NMR experiments are commonly made of ZrO,, BN or SiN, and
they are available in a range of different sizes. In this study, rotors with a di-
ameter of 3.2, 4 and 5 mm were used. Smaller rotors can reach much higher
spinning speeds in comparison to larger rotors, although the sample volume
is in turn reduced. For example, for 2.5 mm rotors, spinning rates of 30 — 35

kHz can be used.

2.7 Dipolar Decoupling!53158

As discussed previously, dipolar couplings are a through-space inter-
action that are often very large, resulting in very broad lineshapes. This makes
it challenging to analyse the spectra obtained. Hence, removing the effects of

this interaction can be extremely beneficial. In order to effectively remove the
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dipolar interaction using MAS, very fast MAS rates would be required, which
is not always feasible. Hence, dipolar interactions are usually removed using
decoupling methods. Heteronuclear dipolar interactions can be removed via
high-power decoupling which can be used under static or MAS conditions,
which are usually more effective. Consider a system where there is a dipolar
interaction between nuclei I and S, and nucleus S is being detected. Dipolar
decoupling involves the application of a high-power pulse at the Larmor fre-
quency of nucleus I whilst acquiring the FID of nucleus S. Initially, a pulse is
applied on S, and then the FID is acquired in the presence of a long pulse on
I. A schematic illustrating this process is shown in Figure 2.19. Homonuclear
dipolar interactions, on the other hand, cannot be removed using this method
and often requires the use of very fast MAS rates. Again, this is not always fea-
sible, meaning alternative methods are needed. Typically, a “windowed” ap-
proach can be used where decoupling pulses are alternated with “windows”
where decoupling is not applied, and FID data points are collected instead.

However, it is noted that these experiments can be quite challenging.

_ I
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e

|

Figure 2.19: A schematic representation of continuous wave decoupling, where a contin-
uous pulse is applied at the Larmor frequency of nucleus I whilst acquiring the FID for

nucleus S.
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2.8 Removing the Effects of Second-Order Quadrupolar Inter-

action 153158

Second-order quadrupolar broadening can make the analysis of the
spectra obtained quite challenging, i.e., it can be difficult to determine the
number of crystallographically different sites observed. Thus, it is desirable to
remove the effects of this interaction. MAS cannot remove the second-order
quadrupolar interaction. This is due to the second and fourth-rank terms,
which can only be removed when 0 is 30.56° or 70.12°. Hence, alternative
techniques are required to obtain high-resolution spectra. These techniques
include double rotation (DOR), dynamic-angle spinning (DAS) and multiple-
quantum (MQ) MAS. DOR involves spinning the sample around two angles
simultaneously using a double rotor. This is achieved by placing the sample
inside an inner rotor inclined at 30.56° or 70.12° with respect to the outer rotor,
which is, in turn, inside an outer rotor inclined at 54.736°, with respect to the
external magnetic field, By. DAS is a two-dimensional technique where the
isotropic signal is acquired in one dimension, and the quadrupolar broadened
anisotropic powder patterns are acquired in the other. MQMAS is also a two-
dimensional technique where single- and multiple-quantum coherences which

cannot be observed directly are correlated under MAS.

2.9 Probing Dynamics in Solids via NMR151,158,163-165

Investigating dynamics and molecular motion in solid materials is of
great interest, particularly in the field of solid electrolytes. NMR is a very
useful technique for studying motion in solids as all the nuclear interactions
present are anisotropic and are therefore greatly influenced by the local en-
vironment of the nucleus being studied. Thus, any changes occurring in the

system can be probed via NMR.

Dynamics in solid crystalline materials can be divided into two gen-
eral categories; reorientation and translation. During reorientation, the move-
ment of the atoms is limited, whereas translation allows for diffusion to occur

throughout the crystalline structure. In order to differentiate between the type
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of motion present in a sample, the linewidth of the resonance observed in a
spectrum can be used. As stated earlier, the linewidth of a resonance is de-
pendent on T, which is in turn, determined by the local environment of the
nucleus being studied. Reorientation of the nucleus will result in a small de-
gree of line narrowing, typically three to four orders of magnitude. Whereas
translational motion usually results in an extreme line narrowing and, depend-
ing on the degree of motion, the line can narrow by several orders of magni-
tude. The convention is to measure the peak width of a resonance observed
at half maximum, termed full width at half maximum (FWHM). In this study,
variable-temperature (VT) NMR experiments have been completed, and the

FWHM has been plotted as a function of temperature.

Another method for investigating motion in solid materials is to mea-
sure the relaxation rates, in particular the time constant, T7. As stated earlier,
T, is used to describe the return of the z component of the bulk magnetisa-
tion to equilibrium. This process is dependent on the local fields present in a
sample due to the magnetic moments of other nearby spins. These local fields
mediate the relaxation process, and any motion in the system will cause these
local fields to fluctuate, and thus, change the rate of relaxation. Therefore, T4
measurements can prove to be useful in studying motion in solids. One stan-
dard method of measuring T is via saturation recovery, where two 90° pulses
are applied with a time interval of 1. The signal obtained is proportional to

M, (7), which is described as
M,(1) = M (1 — e V11 (2.32)

T1 is determined by repeating the experiment as a function of T. My is the
magnetisation at equilibrium and is taken to be the signal obtained after a time
>5T17. In the current study, T1 measurements have been recorded as a function

of temperature.

2.10 Pulsed-Field Gradient (PFG) NMR Spectroscopy 16170

PFG-NMR spectroscopy is a technique typically used for investigating

diffusion. As stated earlier, placing a sample in a magnetic field, By, results in
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a net alignment of the spins, producing a bulk magnetisation vector, My. As
previously discussed, the Larmor frequency of the nucleus under investigation
can be described as a function of its gyromagnetic ratio and the strength of the
magnetic field (Equation 2.14). When a constant magnetic field gradient is

applied along the z-axis, g(z), the total Larmor frequency, wo, is described by,

wiot(z) = —v(Bo + g(2)) = wo — vg(2). (2.33)

It is noted that that the Larmor frequency is now dependent on the spatial

position of the nucleus.

Here, PFG-NMR spectroscopy has been used to study ion diffusion in
LiRAPs. The PFG-NMR spectra presented in this work were acquired using
the stimulated echo PFG pulse sequence shown in Figure 2.20. Initially, a 90°
RF pulse is applied to excite the spins, and the bulk magnetisation vector, My,
nutates into the xy-plane. A gradient pulse of strength, g, is then applied for
a duration, 9, to ensure spatial encoding of the spins. This creates a helical
pattern of the tips of the magnetisation vectors at various positions in the sam-
ple. Essentially, a phase shift of the spins is created, and another gradient pulse
with the same strength and duration must be applied to cancel this shift. Thus,
unwinding the helical pattern, and bringing all of the spins in-phase again.
However, if the spins move during the time period between the two gradient
pulses, A, then rewinding of the helix is not perfect, causing a reduction in the
signal intensity. The loss of signal is dependent on the intensity of the gradient
pulse and its duration. This is because the magnetisation at various positions
in the sample has a pitch (A) given by,

27
A= .
Yg(2)8

(2.34)

The relationship between the signal intensity (I) and the diffusion coefficient

(D) is described by the Stejskal and Tanner 7! equation,

A

I B 2 (A0
E—exp[ (vdg) D( 3 ) , (2.35)

where I is the measured intensity, Iy is the intensity at the lowest gradient

strength, v is the gyromagnetic ratio, o the effective gradient length, g the gra-
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Figure 2.20: A schematic representation of the stimulated echo diffusion pulse sequence

typically used for the acquisition of PFG-NMR spectra of solid materials when T >> T».

dient strength, A is the diffusion time between the two gradient pulses and D

is the apparent diffusion coefficient of the observed nucleus.

2.11 Exchange Spectroscopy (EXSY) NMR 151158172

Exchange spectroscopy NMR is an excellent method for obtaining in-
formation regarding any dynamic processes occurring within a material. EXSY
NMR experiments are most commonly used for investigating conformational
changes or chemical exchange within a sample. The EXSY pulse sequence
is shown in Figure 2.21(a). Consider a system where a spin undergoes ex-
change between two different positions, A and B. In this experiment, the first
90° pulse prepares the spins by rotating their bulk magnetisation vector into
the xy-plane, where the spins are allowed to evolve for a duration t;. The
next phase of the experiment (90° — T, — 90°) is responsible for the transfer of
magnetisation from A to B and this takes place during the mixing period (Tm).
The 90° pulses before and after T, are used to interconvert between transverse
and longitudinal magnetisation, My y(A) to Mz(A) and M,(B) to My y(B), re-
spectively. The results obtained are presented in a 2D spectrum, a schematic of
which is shown in Figure 2.21(b). The spectrum consists of peaks both on and

off the diagonal. The off-diagonal peaks are termed cross-peaks and are only
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Figure 2.21: (a) A schematic representation of the pulse sequence used for EXSY NMR ex-
periments, and (b) a schematic representation of a 2D EXSY NMR spectrum displaying

cross-peaks between spins A and B.

observed in the event of an exchange of magnetisation between two species.

212 Nuclei Probed in this Study

In the current study, multinuclear SSNMR spectroscopy has been used
extensively to characterise and probe ion mobility within the LiRAP samples.
Several different nuclei were investigated, and each nucleus has its specific set
of properties, e.g., spin, natural abundance etc., that determine its usefulness
for NMR spectroscopy. This section discusses the nuclei studied and the spe-

cific challenges associated with each species.

2.12.1 HNMR163

H (I = 1/2) has an abundance of 99.985% and is one of the most com-

monly studied nuclei. 'H nuclei usually exhibit strong homonuclear dipolar
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couplings, the effects of which cannot be removed via moderate MAS rates.
However, in inorganic materials, the 'H nuclei tend to be relatively distanced,
which reduces the magnitude of the 'H-'H dipolar interaction. Thus, a high-
resolution spectrum can usually be acquired using moderate MAS rates. Crys-
talline materials can incorporate protons in their structure as stoichiometric
hydroxyl groups or intact water molecules. It is not easy to differentiate be-
tween them based on their chemical shift as the shift range for 'H is ~20 ppm,
which often results in an overlap of the resonances observed. The two species
are usually distinguished by inspecting the spinning sidebands observed. The
protons in hydroxyl groups usually result in 1 or 2 pairs of sidebands whereas
intact water molecules tend to produce a large manifold of sidebands extend-
ing over ~100 kHz.!73-17> This difference is due to the different dipolar cou-
pling interactions taking place in each case. Typically, 'H NMR spectra are
acquired using background suppression experiments as 'H background sig-

nals can arise from moisture or polymer parts present in the probe.'7®

2.12.2 2H NMR 158177-179

In NMR spectroscopy, ?H (I = 1) is a commonly exploited quadrupo-
lar nucleus for studying molecular dynamics and motion in solids. ?H has a
reasonably small quadrupole moment (2.8 x 107! e m?) making the acquisi-
tion of a spectrum relatively easy as the resulting lineshapes are not exception-
ally broad. However, its very low natural abundance (0.012%) makes isotopic
enrichment necessary, which can, in some cases, be quite challenging. The
most common method for extracting dynamic information using ?H NMR is
to record the powder pattern for a stationary sample using a spin-echo experi-
ment. In the absence of motion, a well-defined Pake doublet with a quadrupo-
lar splitting is obtained. In the presence of motion, the lineshape will become
distorted, which will be influenced by the precise geometry and rate of the
motion observed. In some cases, it can be challenging to derive the underlying
types of motion from static 2H NMR experiments. In such circumstances, MAS
NMR experiments can be used, where the manifold of spinning sidebands out-

lines the shape of the static powder pattern.
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2.12.3 97Li NMR163

®Li (I = 1) and “Li (I = 3/2) are both suitable nuclei for NMR spec-
troscopy. However, Li is usually favoured owing to its high natural abun-
dance (92.5%) when compared to °Li (7.5%). “Li has a much higher quadrupole
moment (—4.01 X 107° e m?) than ®Li (—=0.08 x 107" e m?), meaning that Li in
non-symmetrical environments usually result in relatively broad lineshapes.
Furthermore, there is little variation in “Li chemical shift which makes the
identification of different species challenging. In such circumstances, °Li NMR
may be used as it generally produces narrower, better resolved lineshapes. 18
However, its low natural abundance, less favourable receptivity and often very
long relaxation times render it difficult to complete °Li NMR experiments.
Both °Li and “Li NMR have been used extensively to study the structure of
and Li ion mobility in various inorganic systems, including solid electrolytes
such as lithium lanthanum titanate. 81783 The work presented in this study
includes both “Li MAS and static NMR spectra. During experiments, dipolar
decoupling was used to remove the effects of the 'H-"Li heteronuclear dipolar

coupling.

2.12.4 1F NMR163

9F is a spin-1/2 nucleus and has a natural abundance of 100%. In a
similar manner to 'H (I = 1/2), F also displays strong homonuclear dipo-
lar couplings, meaning that moderate MAS rates are insufficient for obtaining
high-resolution spectra. However, materials with spatially dilute F can result
in good spectra. '8+185 One material that has been studied extensively via 1°F is
CaF; due to its significance in dental sciences. 186,187 Tt has been demonstrated
that increasing the MAS rate also increases the resolution and sufficiently good
spectra can be acquired at MAS rates ca. 15 kHz. Hydroxyl groups in crys-
talline materials can be easily substituted via F~.!8 Hence, !F NMR can be

extremely beneficial for investigating such substitutions.
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2.12.5 35/37Cl NMR 163,189-191

Both ¥CI (I = 3/2) and *Cl (I = 3/2) nuclei are suitable for NMR spec-
troscopy and have similar quadrupole moments (*>Cl = -8.71 x 107" e m?
and ¥Cl = —6.46 x 1073 e m?). However, *Cl is preferred owing to its higher
natural abundance (75.77%) when compared to ¥'Cl (24.23%). Typically, Cl in
symmetrical or near-symmetrical environments results in reasonably narrow
lineshapes that are easy to acquire. However, Cl in asymmetrical environments
can result in broadened lineshapes which can be difficult to acquire in full and
may therefore need to be acquired in segments. These lineshapes can be simu-
lated to determine the number of crystallographically distinct sites presentin a
sample and to extract the corresponding quadrupolar parameters, i.e., Cq and
No. In this study, several >>Cl MAS NMR spectra have been acquired using

spin-echo experiments.

2.12.6 79/81By NMR 189192193

Both 7Br (I = 3/2) and ¥ Br (I = 3/2) can be studied via NMR spec-
troscopy. Both nuclei have a similar natural abundance ("Br = 50.69% and 3'Br
= 49.31%), so neither isotope is favoured. However, the quadrupole moments
of both isotopes are extremely large ("Br = 31.30 x 107* e m? and ¥ Br = 26.15
x 1073? e m?) meaning that Br in non-symmetrical sites will result in incredibly
broad lineshapes. Most often, the degree of broadening makes it challenging to
detect a signal at all. Hence, 7/81Br are not very popular nuclei to be studied
via NMR. However, there are a few reports of 7*/81Br NMR studies of alkali

194,195 In

metal bromides and cubic salts, for example, AgBr, CuBr and TIBr.
these systems, bromine exists in a symmetrical or near-symmetrical environ-
ment meaning that the quadrupolar interaction is either zero or very small.
Thus, reasonably narrow resonances can be observed. In this study, 7Br MAS

NMR experiments were completed for samples adopting a cubic structure.
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3 Li3OCl and LizOBr

3.1 Introduction

As stated in Chapter 1, LIRAPs have been suggested as candidate solid
electrolyte materials and, as a result, this thesis is focused on both their syn-
thesis and characterisation. LiRAPs are extremely hygroscopic. Hence, they
must be synthesised using air-sensitive methods. Zhao and Daemen initially
reported the synthesis of Li3OCl, Li3OBr and the related mixed compositions
by heating LiCl, LiBr and LiOH between 330 — 360 °C under vacuum. 24 Li;OCl
and Li;OBr were reported to adopt a cubic structure in space group Pm3m with
lattice parameter a = 3.91 and 4.02 A, respectively. However, it must be noted
that the specific reaction conditions used were not fully reported. In the same
publication, the synthesis of Li3OCl was also attempted using high-pressure
and high-temperature methods, using LiCl and Li,O as precursors. However,
again, no specific reaction details regarding the exact pressures or tempera-
tures used were stated. In addition, it was reported that very little of the de-
sired phase was produced using this method. Hence, it was not explored in
any great detail by Zhao and Daemen. '?* In this initial LIRAPs study, the sam-
ples prepared were analysed to determine their physical properties and, more
specifically, their ionic conductivities. The values reported were on the order of
107 S em™!, which are comparable to current commercial liquid electrolytes.
However, subsequent studies of the same systems by other researchers in the
field have noted reduced Li-ion conductivities. These include reports by Lu

134,135

and co-workers, and Li and co-workers (vide supra).'%

The synthesis of Li3OCl was also recently reported by Reckeweg and
co-workers. 26 Here, Li3OCl was prepared by heating LiCl and LiO at 350 °C
for 40 hrs. Characterisation of the sample produced agrees with that initially

124 confirming that LizOCl is cubic in space

reported by Zhao and Daemen,
group Pm3m with a lattice parameter of 3.907 A. However, the samples pre-
pared were not phase pure and were reported to contain a hydrated form of

LiCl, LiCI-H,O, as an impurity phase.'?® This suggests it is particularly chal-
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lenging to synthesise a phase pure sample of Li3OCl via conventional solid-

state methods.

Zhang and co-workers have also reported the synthesis of LizOCl,
LizOBr and Ca-doped LizOCl, Liz_xCay/2OCl (x = 0.1 and 0.2), via high-press-
ure and high-temperature methods using Li,O, CaO, LiCl and LiBr as precur-
sors. 128 Samples of LizOCl and Liz_Cay/2OClI (x = 0.1 and 0.2) were prepared
via mechanical milling of the reagents for two hours and heating of the reagent
mixtures at temperatures ranging between 127 and 152 °C under a pressure of
0.5 GPa. For LizOBr, the reagents were milled for three hours and the mixture
was heated at 177 °C under 3.0 GPa. Specific details regarding the reaction
times were not specified. This synthetic method involved using an indirect
route in which the hydrated version of the desired LiRAP, Lizx1(OH)2,Cl/Br
(x =y), was first prepared and then dehydrated to remove water and produce

LizOCl/Br.

Additional reports regarding the synthesis of LiRAPs include work
by Li and co-workers.!% Samples of Li;OCl and Li;OBr were synthesised un-
der an inert atmosphere, where the entire sample preparation process took
place inside an argon-filled glovebox. Li metal and LiH were used as reducing
agents to break the OH bond in LiOH. It is widely known that the OH bond
is hard to break, given its large mean bond enthalpy (463 k] mol™!).!! This un-
doubtedly makes the synthesis of Li3OCl/Br quite challenging. Hence, the use
of a reducing agent can assist in facilitating the synthesis. The samples were
prepared using LiCl, LiBr, LiOH and Li/LiH as precursors that were mechan-
ically milled for two hours prior to annealing. The reagent mixture containing
Li was heated at 600 °C for ten hours, whereas the mixture containing LiH was
heated at 480 °C for one hour. In both cases, the samples were reground and

reheated to obtain phase pure samples.

This chapter focuses on the synthesis of Li3OCl and Li3OBr, and char-
acterisation of the samples produced via XRD and SSNMR spectroscopy. All
of the samples discussed in this chapter have been synthesised either under

vacuum using a conventional Schlenk line or in the inert atmosphere of an Ar-
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filled glovebox. The following sections detail the precise synthetic procedures
and characterisation methods used, followed by a discussion of the findings.

The chapter concludes with a summary of the results obtained.

3.2 Experimental

3.2.1 Synthesis

During this project, three different solid-state synthetic techniques we-
re used: (1) heating under vacuum using a conventional Schlenk line appara-
tus, (2) heating reagents inside the inert atmosphere of an Ar-filled glovebox
and (3) mechanical milling of reagents using a planetary ball-mill. The specific

experimental procedures used are outlined in the following sections.

3.2.2 Schlenk Line Method

To prepare samples of LizOCl and LizOBr using the Schlenk line meth-
od, stoichiometric amounts of LiOH (Acros Organics, anhydrous, 98%) or Li,O
(Alfa Aesar, 99.5%) and LiCl (Alfa Aesar, anhydrous, 99%) or LiBr (Acros Or-
ganics, anhydrous, 98%) were ground together using an agate mortar and pes-
tle and placed into an alumina crucible. All reagents were used as purchased
without further purification or drying, unless otherwise stated. The sample
preparation took place either on a benchtop using reagents stored in the open
air or inside an Ar-filled glovebox using reagents stored under an inert atmo-
sphere. For clarity, the specific method used in each case has been specified in
the relevant figure captions. The alumina crucible was placed inside a borosil-
icate or quartz glass tube, connected to a conventional Schlenk line apparatus
and evacuated to 107 mbar for 1 hr. The reagents were then heated under
vacuum between 330 — 360 °C for as little as 30 mins and up to 4 days before
removing the tube from the furnace and allowing it to cool to room tempera-
ture. The precise time and temperature of the heating varied depending on the
specific reaction taking place. An extensive range of temperatures and times
were analysed. Again, specific details are given in the relevant figure captions.

Once cooled, the glass tube was taken inside an Ar-filled glovebox, where the
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sample was recovered. In some cases, reagents were mechanically milled prior
to heating using a Retsch planetary PM100 ball mill. Details regarding the spe-

cific milling times and speeds used are given in the relevant figure captions.

3.2.3 Muffle Furnace Method

Samples of LizOCl and Li3OBr were also prepared using a muffle fur-
nace located inside an Ar-filled glovebox. Stoichiometric amounts of LiCl (Alfa
Aesar, ultra dry, 99.9%) or LiBr (Alfa Aesar, anhydrous, 99.99%) and Li,O (Alfa
Aesar, 99.5%) were weighed out inside the glovebox and ground together us-
ing an agate mortar and pestle. The reagent mixtures were placed into either
an alumina or zirconia crucible, and heated between 300 — 500 °C for 1 -4 days
using a KLS-1100X muffle furnace inside an Ar-filled glovebox. In all cases,
samples were slow cooled to room temperature before being removed from
the furnace. In some cases, reagents were mechanically milled prior to heat-
ing using a Retsch planetary PM100 ball mill. The reagents were added to the
milling jar inside an Ar-filled glovebox and the jar was subsequently sealed
shut, enabling the reagent mixture to remain under air-sensitive conditions.
Specific details regarding heating times, temperature, as well as milling times

and speeds are given in the relevant figure captions.

3.2.4 X-ray Diffraction

All samples were prepared for XRD studies inside the inert atmosphere
of an Ar-filled glovebox. Samples were ground using an agate mortar and pes-
tle and packed into 0.7 mm special glass capillaries. All XRD patterns were
recorded on a Bruker d8 diffractometer using Mo radiation (A = 0.71073 A).
All scans were acquired for 20 = 5 — 35°, with a step size of 0.01° and a step
time of 2 seconds. During all scans, the capillary was continually rotated at
60 revolutions per minute (rpm) to reduce the effects of preferred orientation.
Rietveld analysis was performed using the General Structure Analysis System
Version 2 (GSAS-II) software.!® Parameters including the background, unit
cell size, isotropic thermal coefficients, phase fractions and peak profile coeffi-

cients were refined.
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3.2.5 Solid-State NMR

All solid-state NMR spectra were acquired using a Bruker 500 Avance
III HD spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, using
Larmor frequencies of 499.69 MHz for 'H (I = 1/2) and 194.20 MHz for “Li
(I = 3/2). Powdered samples were packed into conventional 4.0 mm ZrO,
rotors under an Ar atmosphere and placed into a Bruker 4.0 mm HX probe.
A MAS rate of 10 kHz was employed. 'H chemical shifts were referenced to
neat tetramethylsilane, by setting the resonance from a sample of adamantane

to diso = 1.9 ppm. “Li chemical shifts were referenced to 1 M LiCl(yq).

To check for hydration effects, 'H MAS NMR spectra were acquired for

Li3OBr using a background suppression experiment (DEPTH) !’

with typical
nt/2 and 7 pulse lengths of 4 and 8 us, respectively. An optimised recycle
interval of 1650 s was used and 16 transients were acquired. “Li MAS NMR
spectra were obtained using single pulse experiments with a pulse duration
of 1.5 us. For Li3OCl and LizOBr, optimised recycle intervals of 700 and 200
s were used to acquire 4 and 16 transients, respectively. 'H decoupling was
applied during the acquisition of “Li MAS NMR spectra using SPINAL-641%
and the pulse duration was 7.8 ps. RF fields of 80 and 65 kHz were employed
for TH and 7Li, respectively. Unless otherwise stated all measurements were

conducted at ambient temperatures. Selected NMR spectra were fitted using

the Solids Line Shape Analysis (SOLA) tool in Topspin 4.0.

3.3 Results and Discussion

3.3.1 Li;OCl
3.3.1.1 Schlenk Line Method

The LiRAP samples discussed in this study have been synthesised
via the molten synthesis method reported by Zhao and Daemen,'?* which in-

volved heating stoichiometric amounts of LiCl and LiOH as follows,
LiCl + 2LiOH — LizOCl + H,O . (3.1)
The method involves heating the reagent mixture above the melting point of
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the desired phase, in this case LizOCl, which is then crystallised from the melt.
The melting point of Li3OCl is reported to be 282 °C.1?* To ensure that the sam-
ple remains moisture free, the synthesis was completed under vacuum, with
the water produced being continually removed using a condensation trap.

Thereby helping to drive the reaction forward.

Initial efforts to synthesise LizOCl focused on using a conventional
Schlenk line apparatus with various reaction conditions attempted, as detailed
in Table 3.1. Initial investigations used the “procedure” outlined by Zhao and
Daemen.?* However, it is noted that this was extremely vague and lacking
in experimental detail. More specifically, the method reported did not state
the precise temperature and/or time required for the synthesis. Hence, to find
the optimal synthetic conditions, several preliminary experiments were com-
pleted that varied the reaction temperature and/or time. Initially, the temper-
ature was held constant at 360 °C and the reaction time was varied between
1 and 4 days to determine the effect of reaction time and establish whether
short or long reaction times favoured the synthesis of Li3OCI. In accordance
with the method stated by Zhao and Daemen, '?* the reagent mixture was pre-

pared on a benchtop in the open air, i.e., the reagents were not added under

Table 3.1: Details of the specific reaction conditions used for the synthesis of Li;OCl via the
Schlenk line method.

Reagents and Location Temperature (°C) Time

LiCl + LiOH (Benchtop) 360 1,2,3 and 4 days
LiCl + LiOH (Benchtop) 330 24 hrs

LiCl + LiOH (Benchtop)® 400 15 mins

LiCl + LiOH (Benchtop)* 360 24 hrs

LiCl + LiOH (Glovebox) 350 30 mins and 24 hrs
LiCl + Li»O (Glovebox) 350 24 hrs

 The reagent mixture was dried at 150 °C for 48 hrs prior to heating at 400 °C.
¥ The reagent mixture was mechanically milled at 300 rpm for 1 hr and pressed into a pellet

prior to heating.
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inert conditions. The samples synthesised were then analysed via XRD and
the patterns obtained are shown in Figure 3.1(a). As stated earlier, LizOCl is
reported to have a cubic unit cell, in space group Pm3m with a unit cell param-
eter of 3.91 A.1?* An initial inspection of the XRD patterns obtained (Figure
3.1(a)) suggests the presence of a species with considerably lower symmetry,
as indicated by the large number of reflections observed. Hence, the XRD data
obtained suggests that the samples prepared are not phase pure. At present, no
cif has been reported for Li3OCl. Hence, in order to have a suitable structural
model for comparison, a cif was generated using one available for LizOBr, in
which the Br was substituted for C1.12° Since LizOCl and LizOBr are both re-
ported to be cubic in space group Pm3m and have a similar unit cell, this is
an appropriate method for obtaining a suitable structural model for Li3OCl.
The calculated diffraction pattern for Li3OCl and the XRD patterns obtained
for the dry reagents, LiCl and LiOH, are also shown for comparison in Figure
3.1(a). All diffraction patterns corresponding to the starting materials in this
thesis were obtained for the dry reagents stored under an inert atmosphere. It
was not possible to record a diffraction pattern for the reagents stored in open-
air due to their hygroscopic nature. It is clear that the XRD patterns obtained
for each of the reactions completed contain numerous reflections, in addition
to those corresponding to the expected phase LizOCl. Thus, confirming initial

suggestions that the samples are not phase pure.

Further assessment of the diffraction patterns obtained suggests that
the sample heated for 1 day contains a considerable amount of Li3OCl, in ad-
dition to LiCl. Based on the reflections observed, there does not appear to be
any LiOH present in the sample. However, there are numerous additional re-
flections in the diffraction pattern that do not correspond to either the desired
phase or the starting materials. Hence, these additional reflections most likely
correspond to impurities arising from side reactions. Unfortunately, it was not
possible to identify the impurity phases as the corresponding reflections could
not be indexed to any known structures or the structural models available on
the ICSD.?? The XRD pattern obtained for the sample heated for 2 days is
very similar to that of the sample heated for 1 day. Both diffraction patterns
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Figure 3.1: (a) X-ray diffraction patterns obtained for samples of Li;OCI synthesised via the

Schlenk line method. The reagent mixture was prepared on a benchtop and, in all cases,

the reaction temperature was fixed at 360 °C, and the reaction time was varied between 1

-4 days. A calculated diffraction pattern for Li;OCl1'?* and the XRD patterns obtained for

the dry reagents, LiCl and LiOH, are also shown for comparison. (b) Multiphase Rietveld

refinement for the XRD data obtained for the sample of Li3OCI heated for 1 day, using the
Pm3m (Liz0CD'?° and Fm3m (LiC1) structural models. x? = 44.97, wRp = 31.78%, Rp =

23.65%.
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contain reflections at the same 20 positions, although their relative intensities
differ. The reflections corresponding to the desired phase have a lower inten-
sity than those of the starting reagent, LiCl, suggesting that less Li3OCl has
been produced when compared to the sample heated for 1 day. This sample
also appears to contain the same impurity phases as those present in the sam-

ple heated for 1 day.

The XRD pattern obtained for the sample heated for 3 days appears to
be quite different to those obtained for the samples heated for 1 and 2 days.
The intensity of the reflections corresponding to LiCl is markedly higher than
all other reflections, whilst the reflections corresponding to Li3OCI are barely
noticeable. This indicates that the sample contains almost solely LiCl and very
little of the desired LizOCl phase. This sample also appears to contain the
same impurity phases as those present in the samples heated for 1 and 2 days.
As the reaction time is increased further to 4 days, the diffraction pattern ob-
tained mainly consists of reflections belonging to LiCl, indicating that the sam-
ple is predominantly composed of LiCl. This sample also contains a number
of unidentified impurity phases. However, the intensity of the reflections cor-
responding to these impurity phases is extremely low, suggesting that very

small amounts have been formed.

Investigating different reaction times at a reaction temperature of 360
°C revealed that the amount of Li3OCl produced decreases with increasing
reaction time. Whereas, the opposite is true for the amount of LiCl present
in the sample. At a first glance, this seems to suggest that, at longer reaction
times, the reaction does not actually proceed, as significant quantities of the
starting reagent remain. However, this is unlikely to be the case, as heating
for 1 day appears to produce a considerable amount of LizOCl. Hence, it is
possible that heating for longer results in additional reactions where LizOCl
is not the final product. The XRD data presented in Figure 3.1(a) indicates
that shorter reaction times, such as 1 day, favour the synthesis of Li3OCIl. As
a result, the diffraction pattern obtained for the sample heated for 1 day was

analysed further.
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A multiphase Rietveld refinement was completed using the Pm3m and
Fm3m structural models 12519 for Li3OCl and LiCl, respectively, and is shown
in Figure 3.1(b). The corresponding refined parameters, including the isotropic
thermal coefficients, are shown in Table 3.2. A x? of 44.97 and wR;, of 31.78%
were obtained, highlighting the poor quality of the fit. A lattice parameter of
3.9170(2) A was obtained for Li;OCIl, which is in good agreement with the lit-
erature value of 3.91 A.1%* A multiphase refinement includes fitting the diffrac-
tion pattern to two or more structural models. During such a refinement,
phase fractions can be determined to establish the relative amounts of each
phase present in the sample. In cases where all phases present in a sample are
known, the precise composition of the sample can be determined. However,
in this instance, only two of the phases present have been identified. Hence,
the phase fraction values can only be used as an indication of the ratio between
the two phases. A ratio of 87.54:12.46 is obtained for Li3OCl to LiCl, suggesting
the sample contains considerably more of the desired Li3OCI than the starting

material LiCl.

During the refinement, the thermal coefficients for both Li and Cl in
LiCl were constrained to a default value of 2.5 x 1072 A? as they could not be
refined to sensible values. In addition to this, the thermal coefficient obtained
for Li in LizOCl is unusually large. Typically, such an issue occurs due to the

use of inaccurate structural models, i.e., inaccurate crystallographic informa-

Table 3.2: Structural parameters obtained for a sample of Li3OCI heated for 1 day, from
Rietveld refinement of the XRD data using isotropic thermal coefficients. The thermal co-
efficients for atoms in the LiCl phase were constrained to a default value of 2.5 x 1072 A2,
LizOCl: space group Pm3m, a = 3.9170(2) A, V = 60.100(9) A3, phase fraction = 87.54(33)%.
LiCl: space group Fm3m, a = 5.1852(4) A, V = 139.413(33) A3, phase fraction = 12.46(33)%. x>
=44.97, wRp = 31.78%, Rp = 23.65%.

Atom X y z Uliso) x 100 (A?)
Li 0.5 0.5 0.0 15.6(13)
0 0.5 0.5 0.5 3.8(4)
Cl 0.0 0.0 0.0 3.5(3)
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tion may have been reported in literature or the phase(s) present in the sample
may have been misidentified. Either way, the model selected for refinement
does not truly represent the phase being refined. Hence, it is possible that the
structural model used for Li;OCI in space group Pm3m is not entirely correct.
Interestingly, Zhao and Daemen have suggested the Li3OCl;_4Bry system to be
pseudo-cubic, meaning that while the lattice parameters correspond to a cubic
unit cell, the actual symmetry of the system may be lower than initially as-
sumed. It is also noted that the Pm3m structural model used during the refine-
ment was adapted from a model originally reported for Li3OBr, as LizOCI and
Li3OBr are believed to be isostructural. There is, in fact, no structural model
for LizOCl in the ICSD.2% In addition to this, LizOCl is reported to be a Li-ion
conductor. Hence, Li may be exhibiting some ion mobility at room tempera-
ture. Thus, the thermal coefficients obtained may include some contribution
from movement of the ions. Alternatively, both of the above-stated situations
may be occurring at the same time, i.e., if Li exhibits subtle motion and devi-
ates from its crystallographic position, it can be said to not occupy a special

position. Thus, making the structure proposed in the literature inaccurate.

Moreover, a closer inspection of the XRD patterns obtained for sam-
ples of LizOCl (Figure 3.1(a)) shows that the reflections corresponding to LiCl
in the samples are fairly broad and exhibit a slight shift to lower 26 values,
when compared to those corresponding to the dry reagent (LiCl). The samples
also contain additional impurity phases. Hence, some of the reflections corre-
sponding to LiCl may be a product of multiple reflections that are overlapped.
In turn, making it difficult to accurately refine the thermal coefficients. It is
possible that constraining the thermal coefficients for the LiCl phase has an im-
pact on the thermal coefficients obtained for atoms in the Li3OCl phase. Thus,
also contributing towards unusually large values. Unfortunately, the labora-
tory XRD does not offer sufficient resolution to determine the precise cause of
the large thermal coefficient obtained for Li3OCl. Furthermore, the sample in-
vestigated is not phase pure and does not contain enough of the desired phase
for accurate structural determination. Hence, further investigations were not

undertaken on this particular sample. Instead, our focus was to optimise the
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reaction conditions in order to obtain a phase pure sample of LizOCl.

As stated earlier, shorter reaction times appear to be favoured for the
synthesis of Li3OCl. Hence, a reaction time of 1 day was used to evaluate the
temperature range reported by Zhao and Daemen (330 — 360 °C).!?* A sample
was prepared using a reaction temperature of 330 °C and a reaction time of
1 day via the Schlenk line method. Again, the reagent mixture was prepared
on a benchtop. Figure 3.2 shows the XRD pattern obtained for this sample, in
addition to the XRD pattern for the sample heated at 360 °C for 1 day. A calcu-
lated pattern for Li3OCl and the XRD patterns obtained for the reagents LiCl
and LiOH are also shown for comparison. The diffraction pattern obtained
suggests that Li3OCl has been successfully formed. However, the sample pro-
duced is not phase pure and appears to contain the same impurity phases as
those produced in earlier samples synthesised via the Schlenk line method
(Figure 3.1(a)). Unlike the sample heated at 360 °C, this sample does not con-

tain any starting reagents. A comparison of the relative peak intensities of
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Figure 3.2: X-ray diffraction patterns obtained for samples of Li3OCl synthesised via the
Schlenk line method. The reagent mixture was prepared on a benchtop. The reaction time
was fixed at 1 day and the reaction temperature was either 330 °C (green) or 360 °C (red).
A calculated diffraction pattern for Li;OCI'?® and the XRD patterns obtained for the dry

reagents LiCl and LiOH are also shown for comparison.
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the reflections corresponding to Li3OCl and impurity phases for both samples
suggests that the sample heated at 330 °C contains more of the impurity phase
relative to Li3OClL. Thus, suggesting that higher reaction temperatures result

in an increased phase purity as more of the desired phase is formed.

Analysis of the results obtained thus far indicates that high reaction
temperatures and short reaction times are preferred for the synthesis of LizOCI.
The sample prepared using a reaction time of 1 day and a temperature of 360
°C contained the greatest amount of Li3OCl. However, it is noted that a phase
pure sample was not obtained. Hence, additional attempts were made using

different synthetic methods.

Schroeder et al., recently reported the synthesis of Li3OBr, in which
the reagents were dried at 150 °C for 48 hrs prior to use and then heated at
400 °C for 15 mins.?%! Since LizOCl is reported to be isostructural to Li3OBr,

the synthesis of Li3OCl using this procedure was attempted via the Schlenk
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Figure 3.3: X-ray diffraction pattern obtained for a sample of Li;OCl synthesised via the
Schlenk line method. The reagent mixture was prepared on a benchtop. The reagent mix-
ture was initially heated at 150 °C for 48 hrs and then the temperature was increased to 400
°C over 2 hrs and held at that temperature for 15 mins. The sample was slow cooled to room
temperature. A calculated diffraction pattern for Li3OC1'? and the XRD patterns obtained

for the dry reagents LiCl and LiOH are also shown for comparison.
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line method. The reagent mixture was prepared on a benchtop before heating
under vacuum. The XRD pattern obtained for this sample is shown in Fig-
ure 3.3. Also shown are the calculated diffraction pattern for Li3OCl and the
diffraction patterns obtained for the reagents. The sample appears to contain
a considerable amount of Li3OCI and no starting reagents. When compared to
the XRD patterns obtained for the earlier samples prepared via the Schlenk line
method (Figure 3.1(a) and 3.2) there are some similarities, i.e., there are numer-
ous additional reflections present, indicating that the sample is not phase pure.
Closer inspection of these additional reflections suggests this sample contains
the same impurity phase(s) as the earlier samples. Hence, this method and set

of conditions are not conducive to preparing a phase pure sample of LizOCl.

Mechanical Milling and Pellet Pressing

Additional attempts to prepare a phase pure sample of LizOCl in-
cluded using techniques popular in conventional solid-state chemistry, for ex-
ample, mechanical milling and pressing the reagent mixture into a pellet. In
recent years, mechanical milling (mechanochemical) methods have become

202,203

increasingly popular in many areas, including metal alloys, metal hy-

drides, %42 metal oxides?%?7 and the preparation of pharmaceuticals.?%®
Mechanical milling can be quite advantageous as it can allow unusual phases
and/or different polymorphic forms to be accessed that would otherwise be
missed.%? Furthermore, mechanical milling methods typically produce sam-
ples with smaller particle sizes, again enabling different phases with differ-
ent crystallite sizes to be accessed. Pressing the reagents into a pellet ensures
greater contact between them, thereby encouraging the reaction to proceed

more easily. Additionally, both techniques can be combined in order to max-

imise the chances of success.

A sample of Li3OCl was synthesised by mechanically milling the reag-
ents for 1 hr at 300 rpm. The reagents were added to the milling jar on a bench-
top. The resulting reagent mixture was then pressed into a pellet and heated
at 360 °C for 24 hrs via the Schlenk line method. The XRD pattern obtained

for this sample is shown in Figure 3.4(a), along with a calculated diffraction
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Figure 3.4: (a) X-ray diffraction pattern obtained for a sample of Li3;OCl synthesised via
the Schlenk line method. The reagent mixture was prepared on a benchtop. The reagents
were mechanically milled for 1 hr at 300 rpm and the resulting mixture was pressed into a
pellet and heated at 360 °C for 24 hrs. A calculated diffraction pattern for Li;OCI'?® and the
XRD patterns obtained for the dry reagents LiCl and LiOH are also shown for comparison.
(b) Rietveld refinement for the XRD data obtained for the Li3OCl sample prepared using
112542 =

mechanical milling and pellet pressing methods, using the Pm3m structural mode

19.85, wRp = 28.97%, Rp = 19.25%.
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pattern for Li3OCl and the diffraction patterns obtained for the starting mate-
rials, LiCl and LiOH. When compared to the theoretical diffraction pattern for
Li3OCl and the XRD patterns of the reagents, it is clear that there is a consid-
erable amount of LizOCl present, and the sample does not contain any of the
starting materials. However, the presence of numerous additional reflections
indicates that the sample is not phase pure, and the same impurity phases as

those present in the earlier samples have also been formed here.

A Rietveld refinement was completed for the XRD pattern obtained

using the Pm3m structural model for LizOCL.1%

The results are shown in Fig-
ure 3.4(b), and the corresponding structural parameters, including the isotropic
thermal parameters, are shown in Table 3.3. A lattice parameter of 3.9124(1) A
is obtained which agrees with the literature value'?* and the value obtained
from refinement of the diffraction pattern for the sample of Li3OCI heated at
360 °C for 1 day (Figure 3.1(b)). The sample appears to contain a substantial
amount of Li3OCl, suggesting that the use of techniques such as mechanical
milling and pellet pressing aids the synthesis of Li3OCl. However, it is noted
that, in a similar manner to the refinement presented earlier in Figure 3.1, the
thermal coefficient corresponding to Li in Li3OCl is unusually large. As stated

previously, this is most likely caused by Li-ion mobility in the sample and/or

inaccuracies in the structural model used.

Thus far, several reaction conditions have been tested. These include

heating for 1 to 4 days at 360 °C, heating for 1 day at 330 °C, drying the reagent

Table 3.3: Structural parameters for a sample of Li3OCl, prepared using mechanical milling
and pellet pressing methods, obtained from Rietveld refinement of the XRD data using
isotropic thermal coefficients. Li3OCI: space group Pm3m, a = 3.9124(1) A, V = 59.885(5) A3.
x% =19.85, wRp = 28.97%, Rp = 19.25%.

Atom X y z Uliso) x 100 (A?)
Li 0.5 0.5 0.0 14.7(10)
o 0.5 0.5 0.5 33(3)
Cl 0.0 0.0 0.0 3.6(2)

90



mixture at 150 °C for 48 hrs prior to heating at 400 °C for 15 mins and pressing
the mechanically milled reagent mixture into a pellet and heating for 1 day
at 360 °C. It appears that, despite changing many of the reaction variables, a
phase pure sample of LizOCl could not be produced. For all of the samples
discussed so far, the reagent mixtures were prepared on a benchtop using the
reagents stored in the open air. This was in accordance with the procedures
reported in the literature. 242! However, the reagents used are known to be
extremely hygroscopic. Therefore, they will likely have absorbed some wa-
ter during sample preparation, meaning that the stoichiometry of the reagents
may not have been as intended. This is not ideal for producing a phase pure
sample. Hence, additional synthesis attempts were made where the reagents
were mixed inside an Ar-filled glovebox using dry reagents that had been

stored under an inert atmosphere.

Dry Reagents

Samples of Liz3OCl were synthesised via the Schlenk line method where
the reagent mixture was prepared under the inert atmosphere of an Ar-filled
glovebox, using dry reagents that had not been exposed to moisture. The sam-
ples were heated at 350 °C for 30 mins and 24 hrs, and the XRD patterns ob-
tained are shown in Figure 3.5. A calculated diffraction pattern for Liz3OCl and
the XRD patterns obtained for the dry reagents, LiCl and LiOH, are also shown
for comparison. In both cases, it appears that the desired phase has been pro-
duced, with no starting reagents present. However, the samples are not phase
pure and appear to contain the same impurity phases as the earlier samples
(Figures 3.1(a), 3.2, 3.3 and 3.4(a)). This is interesting as it suggests that using
dry reagents alone is not sufficient to form a phase pure sample of Li3OClL. A
comparison of the relative peak intensities for LiOCl and the impurity phases
in both samples suggests that the sample heated for 24 hrs contains more of the
desired LizOCl than the sample heated for 30 mins. This is similar to earlier
observations, where a reaction time of 1 day resulted in samples containing
large quantities of the desired phase. Thus, indicating that too short a reaction

time is not ideal for the synthesis of Li3OCl and instead, a reaction time of 1
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Figure 3.5: (a) X-ray diffraction patterns obtained for samples of Li;OCl synthesised via the
Schlenk line method. The reagent mixture was prepared inside an Ar-filled glovebox using
dry reagents. The reaction temperature was fixed at 350 °C and the reaction time was varied
between 30 mins and 24 hrs. A calculated diffraction pattern for Li;OCI'?* and the XRD
patterns obtained for the dry reagents LiCl and LiOH are also shown for comparison. (b)
Rietveld refinement for the XRD data obtained for the Li;OCl sample heated at 350 °C for
24 hrs, using the Pm3m structural model.'? x? = 40.14, wRp = 35.51%, Rp = 24.09%.

92



Table 3.4: Structural parameters for a sample of Li3;OCl, prepared using dry reagents,
obtained from Rietveld refinement of the XRD data using isotropic thermal coefficients.
Li3OCl: space group Pm3m, a = 3.9127(2) A, V = 59.902(7) A3. x? = 40.14, wRp = 35.51%, Rp =
24.09%.

Atom x y z Ul(iso) x 100 (A2?)
Li 05 0.5 0.0 15.1(12)
@) 0.5 0.5 0.5 3.1(3)
cl 0.0 0.0 0.0 32(2)

day appears to best suited.

A Rietveld refinement was completed using the XRD data obtained for
the Li3OCl sample heated at 350 °C for 24 hrs and the Pm3m structural model
for Li3OCL.1?° The results are shown in Figure 3.5(b), and the structural param-
eters obtained, including the isotropic thermal parameters, are shown in Table
3.4. A x% =40.14 and wRp = 35.51% suggest a moderately good fit. This is to be
expected for a sample containing a significant quantity of impurity phases. It
is noted that, similar to earlier refinements, the thermal coefficient calculated
for Li in Li3OCl is quite large (vide supra). A lattice parameter of 3.9127(2) A
is obtained, which is in good agreement with the literature value'?* and the

values obtained from earlier refinements (Figures 3.1 and 3.4).

Li,O as a Precursor

Finally, a different combination of reagents was tested. The samples
discussed so far have all been synthesised using stoichiometric amounts of
LiCl and LiOH to form Li3OCl and H,O. However, it is also possible to syn-

thesise LizOCl using LiCl and Li,O as precursors, as follows,
LiCl + Li,O — LizOCl . (3.2)

Hence, a sample of Li3OCl was prepared via the Schlenk line method using
these reagents. The reagent mixture was prepared inside an Ar-filled glovebox
using reagents stored under an inert atmosphere. The sample was heated at

350 °C for 24 hrs and the XRD pattern obtained for this sample is shown in
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Figure 3.6(a), along with the diffraction pattern for a sample of LizOCl syn-
thesised under identical reaction conditions using LiCl and LiOH. A calcu-
lated diffraction pattern for Li3OCl and the XRD patterns obtained for the dry
reagents are also shown for comparison. Once again, a phase pure sample
is not produced. However, unlike the earlier samples there are no uniden-
tified impurities present. The sample appears to contain solely Li3OCl and
the reagents LiCl and Li;O. The presence of the starting materials suggests
that the reaction did not reach completion. It is noted that Zhao and Daemen
also attempted the synthesis of Li3OCI using LiCl and Li,O via high-pressure
and high-temperature methods.!?* They reported that very little of the desired
phase was formed (vide supra). Hence, they did not pursue this method any

further.

A multiphase Rietveld refinement was completed using the XRD data
for the Li;OCl sample synthesised using LiCl and Li;O, and the Pm3m (LizOCl) 2>
and Fm3m (LiCl and Liy0)°2% structural models. The results are shown in
Figure 3.6(b). The corresponding structural parameters, including isotropic
thermal coefficients, are detailed in Table 3.5. A x> = 5.80 and a wRp = 14.20%
is obtained, suggesting a good fit is achieved. Upon closer inspection of the
refinement, it appears that the fit may not be as good as initially thought. In
particular, the calculated intensities for Li;O are lower than those experimen-
tally observed. Here too, the thermal coefficient corresponding to Li in LizOCl
is quite large. This is similar to what was observed in previous refinements
(Figures 3.1(b), 3.4(b) and 3.5(b)). All phases present in this sample have been
identified, making it possible to determine the corresponding phase fractions
and therefore establish the precise sample composition. The sample contains
48.86(35)% LizOCl, 23.17(21)% LiCl and 27.97(35)% Li,O. Interestingly, the ra-
tio of LiCl and Li,O present in the sample is not 1:1 as expected. There appears
to be a slight excess of Li,O. However, this is most likely due to a slight mis-
match between the observed and calculated intensities of the reflections corre-
sponding to LiO. The phase fractions obtained indicate the reaction is far from
reaching completion. Overall, these findings suggest that the combination of

LiCl and Li;O is not ideal for producing a phase pure sample of Li3OCl via the
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Figure 3.6: (a) X-ray diffraction patterns obtained for samples of Li3OCl synthesised via

the Schlenk line method. The samples were prepared using different starting reagents

(LiCl and LiOH shown in green and LiCl and Li,O shown in blue). In both cases, the

reagent mixture was prepared inside an Ar-filled glovebox, the reaction temperature was

fixed at 350 °C and the reaction time was fixed at 24 hrs. A calculated diffraction pattern for

Li3OCI1'?® and the XRD patterns obtained for the reagents, LiCl, LiO and LiOH, are also

shown for comparison. (b) A multiphase Rietveld refinement for the XRD data obtained
for the Li;OCl sample prepared using LiCl and Li,O, and the Pm3m (Li;OCl1)'?® and Fm3m
(LiCl and Li,0) 1929 structural models. x? = 5.80, wRp = 14.20%, Rp = 10.39%.
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Table 3.5: Structural parameters for a sample of Li;OCl, prepared using LiCl and Li,O
via the Schlenk line method, obtained from Rietveld refinement of the XRD data using
isotropic thermal coefficients. Li;OCI: space group Pm3m, a = 3.9113(1) A, V = 59.837(4)
A3, phase fraction = 48.86(35)%, LiCl: space group Fm3m, a = 5.1480(1) A, V = 136.434(6)
A3, phase fraction = 23.17(21)%. Li,O: space group Fm3m, a = 4.6188(1) A, V = 98.536(9) A3,
phase fraction = 27.97(35) %. %% = 5.80, wRp = 14.20%, Rp = 10.39%.

Atom X y z Uliso) x 100 (A?)
Li;OCl1
Li 0.5 0.5 0.0 14.8(7)
O 0.5 0.5 0.5 2.5(2)
Cl 0.0 0.0 0.0 2.6(1)
LiCl
Li 0.0 0.0 0.0 3.8(3)
Cl 0.5 0.5 05 2.1(1)
Li,O
Li 0.25 0.25 0.25 0.6(2)
@) 0 0 0 0.2(1)
Schlenk line method.
Summary

Several different reaction conditions were tested for the synthesis of
LizOCl using the Schlenk line method. The method reported by Zhao and
Daemen was initially used to determine the optimal reaction temperature and
time.!?* This method was found to favour high reaction temperatures and
short reaction times and the sample heated at 360 °C for 1 day appeared to
contain the greatest quantity of Li3OCl. However, the sample was not phase
pure, as it contained both the starting reagent LiCl and unidentified impurity
phases. Additional attempts included using the method reported by Schroeder

et al., !

which produced similar results to those obtained using the method re-
ported by Zhao and Daemen. '2* The sample contained a considerable amount
of Li3OClI and no starting reagents. However, the sample was not phase pure

as it contained the same impurity phases as those synthesised via the method
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reported by Zhao and Daemen. 124

Attempts to increase the phase purity of samples included using tech-
niques such as mechanical milling and pellet pressing. Some very promis-
ing results were obtained by combining these techniques with the Schlenk
line method. The sample produced using these methods contained greater
amounts of Li3OCI than any of the other samples synthesised via the Schlenk
line method. However, again, the sample was not phase pure and appeared
to contain the same impurity phases as the earlier samples. Samples of Li3OCl
were also synthesised where the reagent mixtures were prepared under the
inert atmosphere of an Ar-filled glovebox using dry reagents, instead of on a
benchtop in the open air. Whilst Li3OCI was produced successfully, the same
impurity phases as earlier were also observed here. Thus, suggesting that us-

ing dry reagents alone is not sufficient to produce a phase pure sample.

Finally, the synthesis of LizOCl was attempted using LiCl and Li,O
as precursors. Li3OCl was synthesised successfully using this combination of
reagents. However, the sample produced was not phase pure as it contained
considerable quantities of the starting reagents, indicating that the reaction did
not reach completion. This is in stark contrast to the sample prepared using
LiCl and LiOH under the same reaction conditions, which did not contain any
of the starting materials. Thus, suggesting that the combination of LiCl and

LiO is not ideal for the synthesis of Li3OCl via the Schlenk line method.

Several XRD patterns corresponding to the samples containing a con-
siderable amount of Li3OCl were analysed via Rietveld refinements. In all
cases, a reasonable fit was achieved, and similar values were obtained for the
lattice parameter corresponding to the desired phase. It was noted that the
thermal coefficients obtained for Li in Li3OCl during all refinements were un-
usually large. Thus, suggesting the structural model used to complete the re-
finement may not be quite correct. In the current study, the cubic structural
model in space group Pm3m has been used to characterise LizOCl. It is noted
that the model used is adapted from the one originally proposed for LizOBEr,

as LizOCl is believed to be isostructural to Li3OBr. Moreover, LizOCl is sug-
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gested to be pseudo-cubic by Zhao and Daemen, 1?4

meaning that the actual
symmetry of the structure may be lower than initially assumed. Alternatively,
the large thermal coefficients may be a consequence of Li-ion mobility. As dis-
cussed previously in Chapter 1, LizOCl is a known Li-ion conductor. Hence, Li
may be exhibiting subtle movement that is being interpreted as thermal motion
during Rietveld analysis. Thus, resulting in rather large thermal parameters.
Moreover, if Li exhibits subtle motion and deviates from its crystallographic
position, it can be said to not occupy a special position. In turn, making the
proposed structure in the literature inaccurate. In order to determine the pre-
cise cause of these large thermal parameters, high-resolution diffraction data
would be required. Unfortunately, laboratory XRD data does not offer suf-
ficient resolution for such detailed investigations. Hence, the exact cause of
these high thermal coefficients currently remains unknown. This avenue was

not investigated any further, as our efforts focused on optimising the reaction

conditions to synthesise a phase pure sample of LizOCl.

All of the LizOCl samples prepared using LiCl and LiOH appear to
contain the same impurity phases, as evidenced by the XRD data shown. At
present, these phases have not been identified. As discussed in Chapter 1,
Emly et al., have reported that additional phases may be formed when try-
ing to synthesise LizOCl.* These include LisO,Cl and Li;70¢Cls (Figure 1.16).
However, the specific structural and crystallographic details for these phases,
i.e., the lattice parameters, atomic positions or space groups have not yet been
reported as they were only identified as possible structures via a computa-
tional study. Hence, it was not possible to confirm the presence of these phases
in the Li3OCl samples discussed. As stated earlier, the synthesis of LizOCl
has also been reported by Reckeweg and co-workers using LiCl and LiyO as
precursors.'2® They reported the presence of LiCl-H,O as an impurity phase.
However, the samples produced during the current study, using LiCl, LiOH
and/or Li;O as precursors, do not contain any LiCl-H,O. Recently, Hanghofer
and co-workers reported the synthesis of barium-doped Li3OClI and the hy-
drated analogue of Li;OCI, LiyOHCI.?!* The Ba-doped LizOCI sample synthe-

sised was found to contain LiCl and Lis(OH)3Cl as impurities. However, the
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diffraction patterns shown here do not indicate the presence of Lis(OH)3Cl.
Hence, it appears there are considerable differences between each synthetic

study.

LizOCl is known to be extremely hygroscopic and is reported to have
a favourable hydration enthalpy (—71.40 k] mol™?), indicating that proton up-
take in LizOCl is readily feasible.21! Also, as discussed earlier, it is difficult
to break strong OH bonds, as a large amount of energy is required to do so,
making it particularly challenging to form Li3OCl. Therefore, it is entirely
feasible that several hydrated LiRAP species may be formed when synthesis-
ing Li3OCl using LiCl and LiOH as precursors. Hanghofer and co-workers
have suggested that the hydrated compositions could include, Lis(OH)3Cly,
Lis(OH),Cl3, Li3(OH),Cl and Liz(OH)Cl,.2!Y However, again, no structural in-
formation was provided for any of these compositions, making it challenging
to identify their presence in the samples discussed. Furthermore, the samples
discussed thus far were synthesised under vacuum using a standard labora-
tory vacuum pump which enables the pressure to reach only X107 mbar. This
vacuum may be insufficient in removing all of the water produced during the
reaction. Hence, the presence of water could be influencing the reaction path-
ways and therefore producing unwanted phases. Zhao and Daemen reported
the use of a "high vacuum pump’, although specific details regarding the pres-
sure used were not stated.!?* Unfortunately, during the course of this study,
it was not possible to evaluate the effects of lower pressures on the reaction
conditions tested due to limitations in the equipment available within our lab-

oratory. However, this is certainly an area that warrants further investigation.

3.3.1.2 Muffle Furnace Method

The synthesis of Li3OCl was also attempted via conventional solid-
state reactions completed inside an Ar-filled glovebox. Here, the mixing of
reagents and the reaction itself were carried out under an inert atmosphere,
ensuring that the samples remained moisture free throughout the whole pro-
cess. For these reactions, it was necessary to use LiCl and Li,O as precursors,

instead of LiCl and LiOH, as there is no mechanism inside a glovebox to re-
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move the water produced during synthesis. The starting materials used were
stored under an inert atmosphere, meaning the reagents were truly dry and,
therefore, the corresponding stoichiometries were as intended. The various re-
action conditions attempted are detailed in Table 3.6. Initially, the reaction time
was fixed at 1 day, whilst the reaction temperature was varied between 300 and
500 °C. The XRD patterns obtained for each of the samples prepared are shown
in Figure 3.7. A calculated diffraction pattern for Li;OCl and the XRD patterns

obtained for the reagents, LiCl and Li,O, are also shown for comparison.

From initial inspections, it is apparent that the XRD patterns are con-
siderably ”cleaner” than those obtained for samples of Li3OCI synthesised us-
ing the Schlenk line method, i.e., they contain considerably fewer reflections,
which is in line with what would be expected for a high symmetry phase. Ini-
tially, a reaction temperature of 350 °C was used as this was similar to that
used for the Schlenk line synthesis and that reported by Zhao and Daemen. 1?4
Thus, allowing for a direct comparison with the sample produced using the
same reagents via the Schlenk line method. The XRD pattern obtained for the
sample heated at 350 °C seems to exhibit the presence of LizOCl. However, it

is also clear that the sample produced is not phase pure, as evidenced by the

presence of several additional peaks.

These additional reflections appear to correspond to the starting rea-

Table 3.6: Details of the specific reaction conditions used for the synthesis of Li3OCl using

LiCl and Li,O via the muffle furnace method.

Reagents and Location Temperature (°C) Time (days)
LiCl + LiO (Glovebox) 300, 350, 450 and 500 1
LiCl + Li»O (Glovebox) 350 4
LiCl + Li;O (Glovebox)* 350 1
LiCl + Li>O (Glovebox)* 350 1

* Sample was reground and reheated at 350 °C for 1 day.

¥ Reagent mixture was mechanically milled at 300 rpm for 1 hr.
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Figure 3.7: X-ray diffraction patterns obtained for samples of LizOCl synthesised via the
muffle furnace method. In all cases, the reaction time was fixed at 24 hrs and the reaction
temperature was varied between 300 - 500 °C. A calculated diffraction pattern for Li;OCl1'?
and the XRD patterns obtained for the dry reagents, LiCl and Li,O, are also shown for

comparison.

gents, LiCl and Li,O, indicating that the reaction has not reached completion.
This is similar to what was observed previously for the sample synthesised
using the same precursors via the Schlenk line method. To probe the reac-
tion further and to try and produce a phase pure sample of Li3OCl, a range
of different temperatures (300, 450 and 500 °C) were tested. The XRD patterns
obtained for the samples prepared using these conditions appear to be very
similar. In all cases, only a small amount of the desired phase is formed and
the starting materials are still present in the sample. The data presented in-
dicates that a change in reaction temperature, whether it is an increase or a
decrease, does not improve the phase purity of the sample produced. In fact,
the amount of Li3OCl formed appears to decrease in both cases. This indicates
that varying the reaction temperature is not a suitable method for increasing

the phase purity of the LizOCl samples.

The XRD data presented in Figure 3.7 suggests that the sample heated
at 350 °C for 24 hrs contains the greatest quantity of the desired phase. How-
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ever, the presence of residual starting reagents suggested the reaction time
could be increased. Hence, a longer reaction time of 4 days was tested at 350
°C to determine whether the reaction could be forced to completion. The XRD
pattern obtained for this sample is shown in Figure 3.8 alongside that of the
sample heated at 350 °C for 1 day. The calculated diffraction pattern for LizOCl
and the XRD patterns obtained for the reagents, LiCl and LiO, are also shown
for comparison. It is clear from the data presented that a longer reaction time
does not result in any improvement. In fact, many of the peaks correspond-
ing to Li3OCl appear to decrease in intensity when compared to the pattern
obtained for the sample heated for 1 day. Thus, suggesting that, in a similar
manner to the Schlenk line method, shorter reaction times are favoured for the

synthesis of Li3OCl via the muffle furnace method.

In an attempt to increase phase purity, the Li3OCl sample heated at 350
°C for 1 day was reground and reheated at 350 °C for an additional 24 hrs. The
XRD pattern obtained for this sample after additional heating is shown in Fig-
ure 3.9(a) and is denoted as (R). Figure 3.9(a) also shows the diffraction pattern
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Figure 3.8: X-ray diffraction patterns obtained for samples of Li3OCI synthesised via the
muffle furnace method. The reaction temperature was fixed at 350 °C and reaction times of
1 (red) and 4 days (green) were tested. A calculated diffraction pattern for Li;OC1'% and the

XRD patterns obtained for the dry reagents, LiCl and Li,O, are also shown for comparison.
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for the sample before the regrinding and reheating process and the calculated
diffraction pattern for Li3OCl, along with the XRD patterns obtained for the
reagents, LiCl and Li;O. As stated earlier, regrinding samples can assist reac-
tions in reaching completion, as the act of regrinding exposes new surfaces,
thereby enabling the reaction to proceed further. In doing so, it was expected
that the amount of the desired phase present in the sample would increase,
causing the peaks corresponding to LizOCl to increase in intensity. However,
after this additional treatment, no significant or noticeable differences were
observed between the two XRD patterns, indicating that the reaction did not

proceed any further.

When the Schlenk line method was combined with mechanical milling
methods, some very promising results were obtained. As a result, mechan-
ical milling methods were also combined with the muffle furnace method.
As stated earlier, mechanical milling methods are particularly useful as the
reagents can be ground for much longer than by hand and smaller crystallites
are obtained, enabling the reaction to proceed further, as a larger surface area is
available for reaction. For the synthesis of Li3OCl, the reagents LiCl and Li,O
were milled for 1 hr at 300 rpm, and the resulting mixture was heated at 350 °C
for 1 day. The XRD pattern obtained for this sample is shown in Figure 3.9(a)
and is denoted as (M). When compared to the sample prepared via heating
at 350 °C for 1 day using the same muffle furnace method and the calculated
pattern for LizOC], it is clear that only a very small amount of LizOCl is pro-
duced. Again, the reaction has not gone to completion, i.e., all of the additional

reflections observed correspond to the starting reagents.

The LizOCl sample produced via heating at 350 °C for 1 day using
the muffle furnace method appears to contain the greatest amount of LizOCl.
Hence, the XRD pattern for this sample was analysed further via a multi-
phase Rietveld refinement using the Pm3m (LizOC1)'?® and Fm3m (LiCl and
Li;O) 19929 structural models. The results are shown in Figure 3.9(b), and the
structural parameters obtained, including the isotropic thermal coefficients are
detailed in Table 3.7. A x* =5.12 and wR;, = 13.16% are obtained, suggesting

a good fit. Inspection of the refinement also indicates a good fit, except for
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Figure 3.9: (a) X-ray diffraction patterns obtained for samples of Li;OCl synthesised via the
muffle furnace method. The reaction temperature was 350 °C and reaction time was 1 day.
A sample was reground and reheated at 350 °C for an additional 24 hrs, denoted by (R), and

another sample was prepared by mechanically milling the reagent mixture for 1 hr at 300

rpm prior to heating, denoted by (M). A calculated diffraction pattern for Li;OC1'* and the

XRD patterns obtained for the dry reagents, LiCl and Li,O, are also shown for comparison.

(b) A multiphase Rietveld refinement for the XRD data obtained for the Li;OCl sample

prepared via heating at 350 °C for 1 day, using the Pm3m (Li;OC1)'?* and Fm3m (LiCl and
Li;0) 19929 structural models. x? = 5.12, wRp = 13.16%, Rp = 9.67%.
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Table 3.7: Structural parameters for a sample of LizOCl, prepared via the muffle furnace
method by heating at 350 °C for 1 day, obtained from Rietveld refinement of the XRD
data using isotropic thermal coefficients. Liz;OCl: space group Pm3m, a = 3.9112(1) A, V
= 59.833(3) A%, phase fraction = 53.05(31)%. LiCl: space group Fm3m, a = 5.1477(1) A, V =
136.411(5) A3, phase fraction = 20.66(17)%. Li,O: space group Fm3m, a = 4.6189(1) A, V =
98.538(7) A3, phase fraction = 26.29(30)%. x? = 5.12, wRp = 13.16%, Rp = 9.67%.

Atom X y z Ul(iso) x 100 (A?)

Li;OCl

Li 0.5 0.5 0.0 14.6(5)

@) 0.5 0.5 0.5 2.8(1)

Cl 0.0 0.0 0.0 29(1)
LiCl

Li 0.0 0.0 0.0 3.4(3)

Cl 0.5 0.5 0.5 2.0(1)
Li,O

Li 0.25 0.25 0.25 1.0(2)

O 0 0 0 0.2(1)

the reflections corresponding to Li;O, where the calculated peak intensities
are lower than those observed. This is similar to earlier findings (Figure 3.6)
for the refinement completed using the XRD data corresponding to the sample
of LizOCl, synthesised via the Schlenk line method, using LiCl and Li,O as
precursors. A lattice parameter of 3.9112(1) A is obtained for Li3OCl, which is
in good agreement with the literature value!?* and those obtained earlier for
LizOCl. A closer inspection of the refinement shows that the XRD pattern also
contains a few additional reflections (20 = 14.97, 20.44, 21.35, 25.42 and 25.97°)
that have not been indexed by any of the structural models. Thus, suggesting
that, in addition to the desired phase and the starting materials, the sample
contains an impurity phase. The peaks observed are extremely low in inten-
sity, meaning that a very small amount is present. However, this does make it

quite challenging to identify the additional phase.

An inspection of the structural parameters obtained indicates that, once

again, the thermal coefficient of Li in Li3OCl is unusually high (vide supra). As
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this sample contains multiple phases, the corresponding phase fractions were
also refined to determine the composition. The sample contains 53.05(31)%
Liz3OCl, 20.66(17)% LiCl and 26.29(30)% Li>O, indicating a substantial amount
of the desired phase has been produced. However, the reaction has not reached
completion as a considerable amount of the starting reagents are still present in
the sample. It is noted that this is not the exact composition of the sample ow-
ing to the presence of an unidentified impurity phase. However, the impurity
phase appears to be present in a very small quantity. Hence, the phase frac-
tions obtained are good indicators of the actual sample composition. Overall,
these findings indicate that the muffle furnace method produces slightly better
results than the Schlenk line method, as the latter resulted in only 48.86(35)%
of the desired phase. Interestingly, here too, the sample appears to contain
slightly more Li>O than LiCl. However, as mentioned earlier this could be due
to a slight mismatch between the observed and calculated peak intensities for

the reflections corresponding to LiyO.

7Li MAS NMR Spectroscopy

This sample appears to contain a considerable amount of Li3OCl, and
the composition of this sample has been determined from the XRD data. Hence,
this sample was deemed to be a good candidate for further analysis via SS-
NMR. After considering the composition of this sample, it was analysed via
7Li MAS NMR spectroscopy, and the spectrum acquired is shown in Figure
3.10. The spectrum appears to display two distinct resonances that are over-
lapped; one of which is sharp and centred around —1.16 ppm. The other res-
onance, centred around 2.67 ppm, is relatively broad. Given the composition
of this sample, at least three distinct Li sites were expected. However, as dis-
cussed previously, “Li has a very small chemical shift range. %> Moreover, all
phases present in this sample adopt a cubic structure and, therefore, are likely
to all have very similar chemical shifts. Hence, an overlap of resonances is to

be expected.

In order to determine the distinct number of Li sites present, the line-

shape observed was simulated, and a minimum of three distinct sites were
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Figure 3.10: (a) ’Li (11.7 T) MAS NMR spectrum acquired for a sample of Li;OCl, prepared
via the muffle furnace method by heating at 350 °C for 1 day. The MAS rate used was 10
kHz and spinning sidebands are denoted by *. A recycle delay of 700 s was used to acquire

4 transients. (b) Simulation of the spectrum using three distinct sites.

required to obtain a good fit. The simulated spectrum displaying individual
Li sites is shown in Figure 3.10(b). All sites have a Cq = ~0 MHz and an ng

of 0. These parameters are typical of species within highly symmetrical envi-
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163 The three sites have a chemical shift of

ronments such as cubic structures.
0.41(1), —1.15(1) and 2.92(3) ppm. In the literature, the reported 7Li chemical
shifts of LiCl and Li;O are —1.1 and 2.8 ppm, respectively.?!? These are rela-
tively close to the chemical shifts of sites 2 and 3. Thus, suggesting that these
sites correspond to LiCl and Li,O, respectively. Additionally, the lineshapes
observed for site 2 is sharp and narrow and for site 3 is relatively broad. This
is in line with the lineshapes reported in the literature for LiCl and Li;O. The
XRD data obtained for this sample (Figure 3.9(b)) also indicated the presence

of Li3OCl. Thus, suggesting that site 1 corresponds to LizOCL.

Summary

Multiple reaction conditions were tested for the synthesis of LizOCl
via the muffle furnace method. LiCl and Li,O were used as precursors and re-
action temperatures ranging between 300 to 500 °C were tried using a reaction
time of 1 day. A reaction temperature of 350 °C was found to be optimal, and
in all cases, a modest amount of the desired phase was produced, but starting
materials were still present. Further attempts to synthesise Li3OCl included in-
creasing the reaction time to 4 days. However, no improvement was observed,
as the amount of Li3OCl produced appeared to decrease with increasing reac-
tion time, suggesting that shorter reaction times were favoured. The Schlenk

line method produced similar results, i.e., short reaction times were preferred.

Further attempts included using techniques such as regrinding and
reheating, and mechanically milling the reagents prior to heating. However,
regrinding and reheating the sample did not result in any significant improve-
ment. Similarly, very little of the desired phase was produced using mechan-
ical milling methods. This is in contrast to the Schlenk line method where
mechanical milling resulted in a sample with the greatest quantity of the de-
sired phase. It is noted that the samples synthesised via the muffle furnace
method only appeared to contain the desired phase and the starting materi-
als. A very small amount of an unidentified impurity phase was present in
the sample synthesised using a reaction temperature of 350 °C and a reaction

time of 1 day. This is also in contrast to the findings obtained for the Schlenk
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line method, where samples appeared to contain several impurity phases in
considerable quantities. It is noted that Rietveld analysis of the XRD data ob-
tained for a sample of Li3OCl synthesised via the Muffle furnace method in-
dicates similar thermal parameters to those obtained for samples prepared via
the Schlenk line method. A sample of Li3OCl synthesised via the muffle fur-
nace method, using a reaction temperature of 350 °C and a reaction time of 1
day, was analysed via ’Li MAS NMR spectroscopy. A simulation of the result-
ing spectrum exhibited the presence of three distinct Li sites. The correspond-
ing quadrupolar parameters indicated a highly symmetrical environment for
all three sites, as expected for cubic structures. Two of the sites determined
were assigned to the starting materials LiCl and Li,O, as their chemical shifts
and respective lineshapes were in agreement with those reported in the lit-
erature.?!? The remaining site was assigned to the desired phase as the XRD
analysis of the sample showed the presence of three phases, Li;OCl, LiCl and
LiyO. It is noted that the sample was also observed to contain traces of an im-
purity phase. However, it only appears to be present in small quantities. Thus,

no distinct signal could be observed via NMR.

In summary, the synthesis of Li3OCl has been attempted using two
different synthetic methods, and several reaction conditions were tried to pro-
duce a phase pure sample. Whilst some of the samples were found to contain
a considerable amount of the desired phase, a phase pure sample was not pro-
duced. Samples produced via the Schlenk line method using LiCl and LiOH
were found to contain impurity phases. The samples produced using LiCl
and LiyO, both via the Schlenk line methods and the muffle furnace method,
contained considerable amounts of the starting materials, indicating that the

reactions did not reach completion.

Based on the data presented thus far, it is believed that the stability
of Li3OCI and its extremely hygroscopic nature could be hugely influential
when considering whether it is actually feasible to produce a phase pure sam-
ple of Li3OCl. As discussed previously, proton uptake in Li3OCl is readily
feasible and breaking the OH bond in LiOH is extremely difficult. Therefore,

several hydrated LiRAPs with various compositions may be formed, mak-
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ing it extremely challenging to produce a phase pure sample of LizOCl us-
ing LiCl and LiOH. When attempting the synthesis of Li3OCl using LiCl and
LixO, the relative stabilities of the reagents and the product must be consid-
ered. As discussed in Chapter 1, recent computational studies have suggested
that LiRAPs are thermodynamically metastable when compared to their de-
composition products, LiCl and Li,O.'? It has also been suggested that in
order to successfully synthesise LiRAPs, the kinetic formation of LiO must
be stopped.®®!?” This explains why reactions using LiCl and LiO have not
reached completion. Hence, it is extremely challenging to produce a phase
pure sample of Li3OCl. The findings presented in this study strongly disagree
with those initially reported by Zhao and Daemen, making the accuracy of
their reports questionable.'?* Recent follow up reports from the same research
group have insinuated that the LizOCl samples discussed in the original study
may have been the hydrated analogues of LizOCl, LiOHCL. 1% In turn, imply-
ing that both the sample compositions and the corresponding ionic conductivi-
ties initially reported are inaccurate. The findings detailed in the current study
are in agreement with these latest reports. Thus, providing sufficient evidence

to indicate that phase pure samples of Li3OCl cannot be synthesised.

3.3.2 LizOBr
3.3.2.1 Schlenk Line Method

As the synthesis of a phase pure sample of Li3OCl had proven to be ex-
tremely challenging, the synthesis of the related anti-perovskite, LizOBr, was
also attempted during this study to determine whether a phase pure sample
could be produced. Samples of LizOBr were prepared via the Schlenk line
method using the procedure reported by Schroeder et al.?’! The reagents, LiBr
and LiOH, were initially dried at 150 °C for 48 hrs, before being heated to
400 °C over a 2 hr period and held there for 15 mins. The sample was then
slow cooled to room temperature. The mixing of reagents either took place
on a benchtop using reagents stored in the open air or under the inert atmo-
sphere of an Ar-filled glovebox using dry reagents stored inside an Ar-filled

glovebox. The XRD patterns obtained for these samples are shown in Figure
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Figure 3.11: (a) X-ray diffraction patterns obtained for samples of Li;OBr synthesised via the
Schlenk line method. The reagent mixture was either prepared on a benchtop (red) or inside
an Ar-filled glovebox (green). The reagent mixture was initially dried at 150 °C for 48 hrs
and then heated to 400 °C over 2 hrs and held there for 15 mins. The sample was slow cooled
to room temperature. A calculated diffraction pattern for Li;OBr!?® and the XRD patterns
obtained for the dry reagents, LiBr and LiOH, are also shown for comparison. (b) Rietveld
refinement of the XRD data obtained for the Li;OBr sample, where sample preparation took
place inside an Ar-filled glovebox, using the the Pm3m structural model.'?> x2 = 4.98, wRp

=29.34%, Rp = 20.35%.
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3.11(a). The calculated diffraction pattern for Li3OBr and the XRD patterns
obtained for the dry reagents, LiBr and LiOH, are also shown for comparison.
In a similar manner to Li3OCl, the Li3OBr samples produced are very clearly
not phase pure. However, upon initial inspection, the samples appear to con-
tain considerably more of the desired phase than the LizOCl samples. Both
of the samples appear to contain predominantly Li3OBr, with no reflections
corresponding to the starting reagents observed. There are, however, numer-
ous additional reflections present that do not correspond to the desired phase
or the starting reagents. The XRD pattern for the sample where the reagent
mixture was prepared under an inert atmosphere appears to contain fewer of
these additional reflections when compared to the XRD pattern for the sample
where the reagent mixture was prepared on a benchtop. Unfortunately, these
additional reflections could not be indexed to any known structures or any of
the structural models available on the ICSD.?® Hence, the impurity phases
present in these samples have not been identified. Earlier, for Li3OCl samples,
several compositions were mentioned that could potentially be formed when
trying to synthesise Li3OCl. Therefore, it is reasonable to assume that the Br
analogues of those compositions could also form when synthesising LizOBr.
Hence, the impurity phases present are most likely non-stoichiometric and/or

hydrated LiRAPs based on Li3OBr.

A Rietveld refinement was completed using the XRD data obtained
for the sample of Li3OBr prepared under an inert atmosphere and the Pm3m
(Li3OBr) structural model.?> The results obtained are shown in Figure 3.11(b),
and the corresponding structural parameters, including the isotropic thermal
coefficients are shown in Table 3.8. A x? = 4.98 and WRp = 29.34% is obtained,
suggesting a reasonably good fit. A lattice parameter of 4.0535(1) A is ob-
tained, which is very close to the value of 4.02 A reported in the literature for
LizOBr.'2* The lattice parameter for Li;OBr is significantly larger than that of
LizOC], likely owing to the larger ionic radius of the bromide ion. Inspection
of the structural parameters obtained indicates that, in a similar manner to the
refinements completed for LizOCl, a large thermal coefficient is obtained for

Li. As stated earlier, this is likely due to Li-ion mobility, pseudo-symmetry
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Table 3.8: Structural parameters obtained for a sample of Li;OBr, where the reagent mixture
was prepared inside an Ar-filled glovebox, from Rietveld refinement of the XRD data using
isotropic thermal coefficients. LizOBr: space group Pm3m, a = 4.0535(1) A, V = 66.602(7) A3,
x? =4.98, wRp = 29.34%, Rp = 20.35%.

Atom X y z Uliso) x 100 (A2)
Li 0.5 0.5 0 11.3(15)
0 05 05 05 3.6(5)
Br 0 0 0 2.6(1)

and/or inaccuracies in the structural model proposed in the literature. Inter-
estingly, LizOBr is reported to exhibit lower Li-ion conductivity when com-
pared to LizOClL 124 Tt is noted that that the thermal coefficient obtained is
smaller than that obtained for Li3OCl. Thus, suggesting that Li-ion mobility
may be contributing towards the unusually large value obtained for the ther-

mal coefficient corresponding to Li.

H and "Li MAS NMR Spectroscopy

The LizOBr sample prepared using the Schlenk line method, where the
reagents were mixed under an inert atmosphere, was also analysed via 'H and
’Li MAS NMR spectroscopy. It is noted that a phase pure sample of Li;OBr is
not expected to have any 'H species present and, therefore, does not need to be
studied via 'H NMR spectroscopy. However, the sample obtained is not phase
pure, and as previously discussed, the impurity phases present may contain
H species. The "H MAS NMR spectrum obtained is shown in Figure 3.12(a),
where a broad resonance centred around & = 0 ppm is observed. From the
diffraction data, it is clear that the sample does not contain any LiOH. There-
fore, the signal must be due to the impurity phases present in the sample. This
suggests that the impurity phases must contain protons. As previously dis-
cussed, the appearance of the spinning sidebands in a 'H NMR spectrum can
assist in differentiating between the different types of 'H species present in a
sample. For example, hydroxyl groups would produce a limited number of

spinning sidebands, whereas intact water molecules result in a large manifold
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Figure 3.12: (a) 'H and (b) "Li (11.7 T) MAS NMR spectra acquired for a sample of Li3OBr
prepared via the Schlenk line method, where the reagent mixture was prepared inside an
Ar-filled glovebox. The MAS rate used was 10 kHz and spinning sidebands are denoted by
*. A recycle delay of (a) 1650 and (b) 200 s was used to acquire 16 transients.

of spinning sidebands. Here, only a few sidebands are observed, indicating
that the sample contains hydroxyl species and does not contain any adsorbed

water. Hence, the impurity phases present must be hydrated species, most
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likely non-stoichiometric hydrated LiRAPs based on LizOBr. The "Li MAS
NMR spectrum, shown in Figure 3.12(b), also displays a single broad reso-
nance centred around & = 0 ppm. As stated earlier, ’Li has a small chemical
shift range. 16> Hence, resonances often overlap, making it difficult to distin-
guish between different sites. This suggests that all of the Li species present
within the sample have very similar local environments. From the diffraction
data, it is clear that the sample contains more than one phase. However, it has
not been possible to accurately identify the different phases from the current
data alone. It is not possible to determine the number of crystallographically
distinct Li sites present from the “Li MAS NMR spectrum. To accurately do
this two-dimensional methods such as MQMAS would be needed. However,
in this case, based on the broadening observed and the obvious similarity in
chemical shift, it is highly unlikely that MQMAS methods would be able to
differentiate the extremely similar sites. Hence, MQMAS methods were not

attempted for this sample.

Summary

Samples of Li3OBr were synthesised via the Schlenk line method, whe-
re the reagent mixture was prepared either on a benchtop using reagents stored
in the open air or under the inert atmosphere of an Ar-filled glovebox using
reagents stored inside an Ar-filled glovebox. In both cases, a considerable
amount of Li3OBr was formed. However, the samples were not phase pure.
As discussed earlier, the impurity phases present in these samples are most
likely hydrated compositions based on LizOBr owing to its extremely hygro-
scopic nature and the difficulties in breaking the OH bond in LiOH. Unlike
samples of LizOCl, no starting reagents were observed in the LizOBr sam-
ples. In the case where the reagent mixture was prepared under an inert at-
mosphere, fewer impurities were formed. Thus, indicating that the method of
sample preparation influences the sample purity and, in this case, preparation
under an inert atmosphere is preferred. However, preparation under an inert
atmosphere using dry reagents was not enough to produce a phase pure sam-

ple. The diffraction pattern for the corresponding LizOBr sample was analysed
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via Rietveld refinement and, again, the thermal coefficient obtained for Li was
unusually large. As discussed previously, this is most likely a consequence of
Li motion and/or inaccuracies in the structural model. The sample produced
using the reagent mixture prepared inside a glovebox was analysed via 'H and
’Li MAS NMR spectroscopy. In both cases, a single resonance was observed.
The 'H signal obtained is characteristic of hydroxyl groups, indicating that the
impurity phases are hydrated species. However, it was not possible to distin-

guish between the various Li species present in the sample.

3.3.2.2 Muffle Furnace Method

The synthesis of Li3OBr was also attempted via the muffle furnace
method using LiBr and Li>O as precursors. The various reaction conditions
attempted are detailed in Table 3.9. In a similar manner to Li3OCl, the reac-
tion time was initially fixed at 1 day, and the reaction temperature was varied
from 300 to 500 °C. The XRD patterns obtained for the samples are shown in
Figure 3.13. A calculated diffraction pattern for Li;OBr and the XRD patterns
obtained for the reagents, LiBr and Li,O, are also shown for comparison. In
all cases, the diffraction patterns predominantly consist of reflections corre-
sponding to the starting reagents, indicating that the reaction has not reached

completion. A few additional reflections, albeit of very low intensity, are also

Table 3.9: Details of the specific reaction conditions used for the synthesis of Li;OBr, using

LiBr and Li, O, via the muffle furnace method.

Reagents and Location Temperature (°C) Time
LiBr + LiO (Glovebox) 300, 350, 450 and 500 1 day
LiBr + Li;O (Glovebox) 350 4 days
LiBr + Li,O (Glovebox)* 480 16 hrs
LiBr + Li,O (Glovebox)* 480 16 hrs

* Sample was reground and reheated three times at 480 °C for 16 hrs.
 Sample was reground via mechanical milling at 300 rpm for 1 hr and reheated three times
480 °C for 16 hrs.
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Figure 3.13: X-ray diffraction patterns obtained for samples of LizOBr synthesised via the
muffle furnace method. The reaction time was fixed at 24 hrs and the reaction temperature
was varied from 300 to 500 °C. A calculated diffraction pattern for Li;OBr!* and the XRD

patterns obtained for the reagents, LiCl and Li,O, are also shown for comparison.

observed. These additional reflections do not appear to correspond to the de-
sired phase, indicating that the samples produced do not contain any LizOBr.
Instead, a small amount of an impurity phase has been formed (vide infra).
Moreover, a change in the reaction temperature does not appear to have a sig-

nificant impact on the sample composition.

In an attempt to drive the reaction forward and produce LizOBr, a
longer reaction time was tested. A sample was heated for 4 days at 350 °C,
and the XRD pattern obtained is shown in Figure 3.14(a). Initial inspection
of the XRD pattern suggests that the sample is predominantly composed of
the starting reagents, LiBr and Li;O. The sample does not appear to contain
any Li3OBr. However, the same impurity phase observed in the earlier sam-
ples synthesised via the same method (Figure 3.13) has again been formed. As
discussed previously in Chapter 1, Zhu et al., have reported the presence of
Li;O,Br3 (Figure 1.18) in samples of Li3OBr synthesised using Li,O as a pre-
cursor. 1% Hence, the XRD pattern obtained was analysed further to determine

whether Li;O,Brj3 is also present in this sample.
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Figure 3.14: (a) X-ray diffraction patterns obtained for samples of Li3OBr synthesised via
the muffle furnace method. The reaction temperature was fixed at 350 °C and the reaction
time was varied between 1 and 4 days. A calculated diffraction pattern for Li;OBr!? and
the XRD patterns obtained for the reagents, LiCl and Li,O, are also shown for comparison.
(b) Multiphase Rietveld refinement of the XRD data for the Li;OBr sample heated at 350
°C for 4 days using the I4/mmm (Li;O,Br3)"*” and Fm3m (LiBr and Li,0)'??% structural
models. x? = 1.72, wRp = 31.44% and Rp = 23.77%.
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A Rietveld refinement was completed using the XRD data obained for
the sample of Li3OBr heated at 350 °C for 4 days, and the I4/mmm struc-
tural model reported for Li;O,Br3 and Fm3m structural models for LiBr and
LipO.137:199.209 The refinement is shown in Figure 3.14(b) and the correspond-
ing structural parameters are listed in Table 3.10. An inspection of the re-
finement shows that a reasonable fit has been achieved with a x? = 1.72 and
WRp = 31.44%. The additional reflections observed in the Li;OBr samples have
been successfully indexed using the tetragonal structural model for Li;O,Br3
in space group 14/mmm. Thus, demonstrating that the Li;OBr samples pro-
duced via the muffle furnace method do in fact contain Li;O,Brj3, as well as
the starting materials, LiCl and Li;O. During the refinement, the thermal co-
efficients for all atoms were constrained to 2.5 X 1072 A2 as that was the only
way a stable, fully converged refinement could be obtained. This was the only
parameter constrained, the other usual parameters were refined as normal. As
all the phases present in this sample have been identified, the phase fractions
were refined to determine the relative quantity of each phase. The sample con-
tains 8.41(22)% Liy;O;Brs, 29.45(69)% LiBr and 62.14(87)% LiO. Thus, confirm-
ing the initial observation that the sample predominantly contains the starting
reagents, LiBr and Li;O, and the desired phase has not been produced. In-

terestingly, in a similar manner to Li3OBr, Li;O,Br;3 is also believed to be a

Table 3.10: Structural parameters for a sample of Li;OBr, prepared via the muffle furnace
method by heating at 350 °C for 4 days, obtained from Rietveld refinement of the XRD data.
The thermal coefficients for all atoms were constrained to 2.5 X 1072 A2, x? = 1.72, wRp =

31.44% and Rp = 23.77%.

Phase a(A) c(A) Vol (A3) Phase fraction (%)
Li;O,Brs 4.0279(2) 21.5870(17) 350.235(39) 8.41(22)
I4/mmm
LiBr 5.5056(1) - 166.887(13) 29.45(69)
Fm3m
Li,O 4.6185(6) - 98.516(37) 62.14(87)
Fm3m
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metastable phase.138 In fact, Zhu et al.138 believe Li;O,Br3 to be even less sta-
ble than LizOBr. As such, their attempts to obtain a phase pure sample of
Li;O,Br3 were unsuccessful as they could only synthesise a phase mixture of
LizOBr and LiyO,Brs. This contrasts with the findings presented in this study,

as all the samples discussed thus far do not contain any Li3OBr.

Further attempts to synthesise Li3OBr included following the proce-
dure reported by Zhu and co-workers as they successfully synthesised Li3OBr
using LiBr and LiO as precursors.3® Their method involved heating the rea-
gent mixture at 480 °C for 16 hrs. The sample was then mechanically milled
and reheated three additional times at 480 °C for 16 hrs. In this study, the
samples produced were reground both manually and via mechanical milling
before reheating. This was done to see if mechanical milling has any signifi-
cant impact on the sample produced. The XRD patterns obtained are shown in
Figures 3.15 and 3.16(a), respectively. The XRD patterns obtained for the man-
ually reground samples appear to be similar to those shown in Figures 3.13 and
3.14, suggesting the presence of Li;O,Brz and the starting materials, LiBr and
LiO. In a similar manner to the earlier samples, no Liz3OBr has been formed.
Moreover, all the diffraction patterns shown in Figure 3.15 appear to be very
similar, indicating that the composition of the sample has not changed. Hence,
multiple cycles of manual regrinding and reheating do not help to drive the

reaction forward.

The XRD patterns obtained for the samples that were mechanically
milled are also very similar to those shown in Figures 3.13 and 3.14, suggest-
ing that, once again, the sample produced contains the starting reagents and
a small amount of Li;O,Br3. The XRD pattern for the sample mechanically
milled and heated for a third time is slightly different to the previous diffrac-
tion patterns obtained for the same sample. Here, reflections corresponding to
the desired phase, LizOBr, are observed. However, it is noted that this sam-
ple still contains the starting reagents, indicating that the sample is not phase
pure and the reaction has not reached completion. It is also noted that this
sample does not contain any LiyO,Brs. Thus, suggesting that Li;O,Brs may

be an intermediary phase when synthesising Li3OBr. A Rietveld refinement
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Figure 3.15: X-ray diffraction patterns obtained for samples of LizOBr synthesised via the
muffle furnace method. The reaction time was fixed at 16 hrs and the reaction temperature
was 480 °C. The sample was reground and reheated three times, denoted R1, R2 and R3,
respectively. A calculated diffraction pattern for Li;OBr!* and the XRD patterns obtained

for the reagents, LiCl and Li, O, are also shown for comparison.

was completed using the XRD data obtained for the final sample (denoted as
R3, (M)) and the Pm3m (Li3OBr) 1% and Fm3m (LiBr and Li,O)%%2% structural
models. The results obtained are shown in Figure 3.16(b) and the correspond-
ing structural parameters are detailed in Table 3.11. The fit obtained appears to
be reasonable with a x? = 2.01 and WR, = 22.92%. However, in a similar man-
ner to the earlier sample, the thermal coefficients for all atoms had to be con-
strained to 2.5 X 1072 A2. As all of the phases present in the sample have been
identified, the phase fractions were refined to determine the relative quanti-
ties of each phase. The sample contains 17.61(34)% LizOBr, 28.30(41)% LiBr
and 54.09(64)% Li,O. These phase fractions confirm initial suggestions that the
sample predominantly consists of the starting materials, and the desired phase
is present in very small quantities. Unfortunately, despite multiple regrinding
and reheating cycles, only a very small quantity of Li3OBr was produced, in-
dicating that, in a similar manner to LizOCl, obtaining a phase pure sample of

LizOBr is extremely challenging.
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Figure 3.16: (a) X-ray diffraction patterns obtained for samples of Li;OBr synthesised via
the muffle furnace method. The reaction time was 16 hrs and the reaction temperature was
480 °C. The sample was mechanically milled at 300 rpm for 1 hr and reheated three times,
denoted by R1, R2 and R3, respectively. The notation (M) indicates that the sample was me-
chanically milled during the regrinding. A calculated diffraction pattern for Li;OBr'?° and
the XRD patterns obtained for the reagents, LiCl and Li,O, are also shown for comparison.
(b) Multiphase Rietveld refinement of the XRD data for R3 Li;OBr sample using the Pm3m
(LizOBr) ?° and Fm3m (LiBr and Li,0)1%°2% structural models. x2 = 2.01, wRp = 22.92%, Rp

=16.72%.
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Table 3.11: Structural parameters for a sample of Li;OBr, prepared via the muffle furnace
method by heating at 480 °C for 16 hrs and regrinding (via mechanical milling) and reheat-
ing three times, from Rietveld refinement of the XRD data. The thermal coefficients for all

atoms were constrained to 2.5 X 1072 A2, x2 = 2.01, wRp = 22.92%, Rp = 16.72%.

Phase a(Ad) Vol (A3) Phase fraction (%)
Li;OBr 4.0544(3) 66.648(14) 17.61(34)
Pm3m
LiBr 5.5116(1) 167.433(11) 28.30(41)
Fm3m
Li,O 4.6168(7) 98.406(43) 54.09(64)
Fm3m

Summary

The synthesis of Li3OBr was attempted using LiBr and Li;O as pre-
cursors, via the muffle furnace method. Initially, the reaction time was fixed
at 1 day, and the reaction temperature was varied from 300 to 500 °C. In all
cases, the samples predominantly contained the starting reagents and a small
amount of Li;O,;Brz. No Li3OBr was formed in any of the samples. A longer
reaction time of 4 days was tested at 350 °C to determine if it would assist in
driving the reaction forward. In this case, the amount of Li;O,Br; produced
increased slightly, but no Li3OBr was formed. The method reported by Zhu
et al. was also attempted, with the sample heated at 480 °C for 16 hrs and re-
ground and reheated three times.!® The samples were reground both manu-
ally and via mechanical milling. Again, the samples contained a small amount
of Li;O,Br3, but none of the desired Li3OBr. The sample synthesised using
mechanical milling methods was the only one that contained a small amount

of Li3OBr after regrinding and reheating three times.

In summary, all samples produced using the muffle furnace method
contained a large amount of starting reagents, and in most cases, the desired
phase was not formed at all. Instead, a related composition, Li;O,Brs, was

formed. Thus, indicating that the muffle furnace method is not optimal for
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the synthesis of LizOBr. As discussed earlier, the stability of the reagents ver-
sus the desired phase is worth considering. Computational studies have sug-
gested that the starting materials, LiBr and Li»O, are more stable than Li3OBr,
making it challenging to form LizOBr.”%!? This potentially explains why, in
most cases, Li3OBr has not been produced. However, the presence of Li;O,Br3
in the samples was quite surprising as Zhu et al., claimed that the stability of

LiyO,Br3 is, in fact, lower than LizOBr. 138

3.4 Conclusions

This chapter has detailed the numerous experiments undertaken to
synthesise Li3OCl and Li3OBr. The synthesis has been carried out under vac-
uum via a conventional Schlenk line apparatus, as well as under the inert at-
mosphere of an Ar-filled glovebox using a muffle furnace. Despite numerous
attempts, phase pure samples of Li3OCl and LizOBr could not be produced.
Several different reaction temperatures and times were tested to find the op-
timal reaction conditions. For Li3OCl], a reaction temperature of 360 °C and
a reaction time of 1 day, using LiCl and LiOH as precursors, resulted in the
best sample using the Schlenk line method, as the sample contained a con-
siderable amount of the desired phase, despite the presence of LiCl and some
unidentified impurity phases. Attempts to increase the phase purity included
preparing the reagent mixture under an inert atmosphere before heating via
the Schlenk line method. A phase pure sample was not produced, although,

the sample did contain fewer impurities.

Further attempts included the use of techniques such as mechanical
milling and pellet pressing. The reagent mixture was mechanically milled and
then pressed into a pellet before heating. A significant improvement was ob-
served using these methods, as the sample produced appeared to contain a
large amount of Li3OCl, and very little of the impurity phases. All of the
LizOCl samples synthesised via the Schlenk line method appear to contain the
same impurity phases. At present, these impurity phases have not been iden-

tified as the corresponding reflections could not be indexed using any known
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structures or any of the structural models currently available on the ICSD.2%
Additional phases that may be formed when trying to synthesise Li3OCl in-
clude LisO,Cl and Lij70Cls.%° However, the presence of these phases could
not be confirmed as detailed crystallographic information has not been re-
ported for either phase. Furthermore, Li3OCl is reported to have a high hydra-
tion enthalpy making it extremely challenging to form proton-free samples.
Moreover, the OH bond is extremely difficult to break owing to its high bond
enthalpy, which presents additional challenges when trying to obtain a phase
pure sample of LizOCl from LiOH. This could result in the formation of several

hydrated LiRAPs with varying compositions based on LizOCl (vide supra).

Samples of Li3OCI were also synthesised using LiCl and Li>O as pre-
cursors. Synthesis using this combination of starting materials was carried out
via the Schlenk line and the muffle furnace method using reagents stored in-
side an Ar-filled glovebox. In both cases, Li3OCI was produced successfully.
However, the samples obtained were not phase pure and contained the start-
ing materials as impurities. Thus, the reactions did not reach completion. Ad-
ditional attempts to drive the reaction forward included using longer reaction
times, regrinding and reheating and mechanical milling of the reagents. How-
ever, unfortunately, no improvement was observed using any of these tech-

niques.

Samples of Li3OBr were also synthesised via the Schlenk line method.
The reagent mixtures were prepared on a benchtop in the open air or under the
inert atmosphere of an Ar-filled glovebox. The latter obtained better results, as
the sample contained predominantly the desired phase, and only small quan-
tities of the impurity phases were present. The Li3OBr samples appear to con-
tain more of the desired phase when compared to LizOCl synthesised via the
same method. Hence, the Schlenk line method appears to be a good approach

for the synthesis of LizOBr.

On the other hand, the muffle furnace method does not appear to be
suitable for the synthesis of Li3OBr. Many different reaction temperatures and

times were tested using LiBr and Li;O as precursors. Unfortunately, it was
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not possible to form the desired phase. The samples synthesised were found
to contain the starting materials, LiBr and Li;O, and Li;O,Br;. Additional at-
tempts to form LizOBr included regrinding and reheating the sample three
times. The samples were either reground manually or mechanically milled. A
similar outcome to the earlier samples was also observed here, with the ex-
ception of the sample that had been mechanically milled and reheated three
times. Here, a small amount of Li3OBr was produced, although the sample
was not phase pure and mostly contained the starting reagents. This contrasts
with the Li3OCl samples synthesised via the muffle furnace method, where a

significant amount of the desired phase was produced.

Despite numerous efforts, the synthesis of phase pure samples of both
LizOCl and LizOBr has proven to be hugely challenging. Samples containing
a considerable amount of the desired phase have been produced in both cases.
However, the samples always contained impurities, be it the starting materials
or products of a side reaction. The difficulties associated with the synthesis
of a phase pure sample can be attributed to the fact that the desired phases
are extremely hygroscopic. Hence, many hydrated LiRAPs can be formed
when trying to synthesise Li;OCl/Br. Additionally, Li;OCl/Br are believed
to be metastable phases compared to the starting reagents, LiCl/Br and Li,O.
Therefore, Li3OCl1/Br can only be formed when the formation of Li,O is kinet-
ically stopped.!? The inability to prepare samples of Li;OCl and LizOBr is a

124 and brings their re-

direct contradiction of the work by Zhao and Daemen
ported findings into question and doubt. Furthermore, subsequent reports by
the same group have stated that the samples discussed in the original study
were most likely hydrated analogues of LizOCl/Br.'® These reports support
the findings presented in this study which demonstrate that phase pure sam-
ples of Li3OCI and Li3OBr cannot be synthesised via conventional solid-state
routes. Thus, making it difficult to assess their suitability as solid electrolytes

in ASSBs.

126



4 LiOHCI: A Structural Study

4.1 Introduction

As detailed in Chapter 3, numerous attempts were made to synthe-
sise LizOCl and obtain a phase pure sample. However, these were limited in
their success. As a result, our efforts shifted towards synthesis of the hydrated
analogue, LiOHCl, which is believed to be easier to prepare than LizOCl1.213
Two phases have been reported for Li;OHCl; a room-temperature phase (be-
lieved to be orthorhombic) and a high-temperature cubic (Pm3m) phase (be-
lieved to be analogous to LizOCl).?!3 A reversible phase transition from the
room- to high-temperature phase is reported to occur at ~35 °C.2!3214 Initially,
it was believed that studying Li;OHCI could provide insight into why the non-
hydrated phase could not be prepared. However, since then, it has become
apparent that Li,OHCl itself is worthy of exploration as a solid electrolyte, as
it is expected to be a good ion conductor owing to a third of the Li sites be-
ing vacant, which can enable the movement of ions via a vacancy mechanism.

Hence, Li;OHCl is of considerable interest as a potential ion conductor.

In 1997, Eilbracht and co-workers reported that the high-temperature
phase of Li,ODX (X = Cl, Br) adopts a structure similar to the widely known
perovskite CaTiO3;, now known as an anti-perovskite structure type.?!®> They
reported Li;,ODCI/Br to exist as a cubic structure, in space group Pm3n1, where
Li, O and Cl/Br occupy 3d, 1a and 1b Wyckoff positions, respectively (Table
4.1 details the atomic coordinates corresponding to these Wyckoff positions).
Li was reported to have an occupancy of 2/3 to reflect the composition of the
material and H/D, were described as pointing towards the faces of the LisO
octahedra. However, the corresponding Wyckoff positions or exact atomic co-
ordinates were not reported. Notably, there appears to be a distinct lack of
information in the current literature regarding the crystallographic positions
of the protons in the cubic phase of Li;OHCI. In 2018, Hanghofer and co-
workers reported the synthesis of barium-doped LizOCl, Lis 99Bag 0osOCl and
Li;,OHCI (vide infra).?'° They had intended to form a proton-free sample of
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Lip 99Bag 005s0OCl. However, neutron powder diffraction (NPD) analysis of the
sample indicated a composition of Lij g4OHj 16Cl, which is closer to LiOHCl
than Li3OClL. This is not surprising as their synthetic method involved mixing
the reagents with distilled water prior to heating, and as stated earlier, a phase
pure sample of LizOCl is extremely difficult to obtain. As such, the sample
contained LiCl and Lis(OH)3Cl as impurity phases. Additionally, the sample
contained a very small amount of Ba. Hence, its atomic coordinates were not
determined. Interestingly, at room temperature Li; g4OHj.16Cl adopts a cubic
structure in space group Pm3m and VT NPD analysis indicated that cooling
the sample to 4 K does not affect the symmetry, i.e., no phase transition was
observed. The structure reported at 300 K is shown in Figure 4.1 and the corre-
sponding structural parameters reported at 300 and 4 K, including the proton
positions, are detailed in Table 4.1. So far, this is the only study that reports
the atomic coordinates of protons in a system close to Li,OHCIl. However, it
is noted that the sample was intended to be LizOCl, not LiOHCl, and the au-
thors did not report any crystallographic information for the cubic structure of

Li,OHCL

To date, there is considerable confusion regarding the room-temper-

@ H
@ Li
@0
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Figure 4.1: The structure of Li; 34OH1.16Cl in space group Pm3m, proposed by Hanghofer

and co-workers. 210
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Table 4.1: Crystallographic details for the cubic phase of Lij 34OH1.16Cl (space group Pm3m),
proposed by Hanghofer and co-workers at 300 and 4 K.?!? a = 3.89442 and 3.86466 A at 300

and 4 K, respectively.

Atom  Wyckoff X y z Occ. Uliso) x 100 (A2)*

300 K
Li 3d 0.5 0 0 0.614% 9.63
@) la 0 0 0 1 2.03
H 8g 0.1279 0.1279 0.1279 0.145 5.09
Cl 1b 0.5 0.5 0.5 1 2.52

4K
Li 3d 0.5 0 0 0.592 7.35
o la 0 0 0 1 0.99
H 8g 0.1389 0.1389 0.1389 0.153 5.08
Cl 1b 0.5 0.5 0.5 1 0.98

* The thermal coefficients were originally reported as B(iso) values. These were converted
to U(iso) for ease of comparison to the data reported in the current study.

¥ The actual value quoted in the paper is 6.14. However, this is most likely a typographical
error as the composition determined during the study, Lij 34OHj 16Cl, can only be obtained

if the fractional occupancy for Liis 0.614.

ature phase of Li;OHCI. As such, a structural model is yet to be agreed upon,
although several suggestions have been made in the literature. In 2003, Schw-
ering and co-workers reported the synthesis of several samples in the series
Liz_xOHCl/Br, where x was varied from 0.83 to 2.2!3 The samples prepared

1 al-

were reported to exhibit ionic conductivities on the order of 107 S cm™
though specific conductivity values were not reported for any sample. At
room temperature, LipOHCI was reported to adopt an orthorhombic struc-
ture in space group Amm?2, with lattice parameters a = 3.8220 A, b = 7.9968
A and ¢ =7.7394 A. The high-temperature cubic phase, in space group Pm3m,
is reported to have a lattice parameter of a = 3.9103 A. However, it is noted
that detailed crystallographic information, i.e., atomic coordinates, were not
reported for either phase. Hence, it is challenging to confirm the accuracy of

the reported structures as there is insufficient structural information available

to generate a suitable model.
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Hood and co-workers have also investigated Li,OHCl and have tested
different cooling rates post-synthesis, with Li;OHCl either fast or slow cooled.?!*
The fast cooled sample of Li;OHCI was reported to adopt an orthorhombic
structure, whereas the slow cooled sample was cubic in space group Pm3m.
Again, no specific crystallographic details were reported for either structure.
Electrochemical impedance spectroscopy (EIS) data presented in the same stu-
dy indicated that fast cooled samples of Li,OHCI exhibit higher Li-ion con-
ductivities at elevated temperatures when compared to slow cooled samples.
Fast cooled Li;OHCl is reported to exhibit a conductivity of 2.8 x 1072 S cm™!
at 195 °C, with an activation energy of 0.56 eV. It was suggested that fast cool-
ing results in structural defects that aid the movement of ions in the structure,

resulting in samples exhibiting higher ionic conductivity.

Attempts to obtain additional information regarding the room-temper-
ature phase of LipOHCl have included the use of computational methods.
In 2017, Howard and co-workers determined, via density functional theory
(DFT) calculations, the ground state structure of Li,OHCI to be tetragonal
in space group P4mm. A metastable orthorhombic structure, in space group
Pmc21, was also predicted.216 The synthesis of Li,OHCI was also reported in
the same study. According to their experimental findings, at room tempera-
ture, LipOHCl adopted an orthorhombic structure in space group Pmc2;, with
their predicted model providing a good fit for their XRD data. The predicted
ground state tetragonal structure, however, was not observed experimentally.
More recently, Howard et al. published an additional computational study in
which it was suggested that LiyOHCI could adopt an orthorhombic structure,
in space group Cmcm.?17 However, it must be noted that this structure has not
been evaluated against experimental data. The structural models proposed by
Howard and co-workers?!? are shown in Figure 4.2 , and the corresponding

crystallographic details are listed in Table 4.2.

Additional structural suggestions have included a study carried out
by Song and co-workers who investigated Liz_xOHCl, where x was between
0.3 and 1.2!8 They proposed that, at room temperature, Li;OHCIl adopts an

orthorhombic structure in space group Pmmm and the transition to a cubic
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Figure 4.2: The structures of Li,OHCI proposed by Howard and co-workers in space group

(@) Pdmm, (b) Pmc2; and (c) Crmcm. 16217
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Table 4.2: Crystallographic details for the tetragonal and orthorhombic phases of Li,OHCl

(in space groups P4mm, Pmc2; and Cmcm), proposed by Howard and co-workers.

216,217

Space group Pdmm, a = b = 3.794 A and ¢ = 3.578 A. Space group Pmc2;, a =3.831 A, b
=3.617 A and ¢ = 7.985 A. Space group Cmcm,a=7.91A,b=7.74 A and c =7.42 A.

Atom Wyckoff X y z
Pdmmt
Li 2c 0.5 0 0.015
@) la 0 0 0.925
H la 0 0 0.654
Cl 1b 0.5 -0.5 0.439
Pmc2,
Lil 2a 0 0.001 0.25
Li2 2b 0.5 0.086 0
01 2a 0 —-0.024 0
H1 2a 0 0.699 0
Cl1 2b 0.5 0.5 0.25
Cmcm
Lil 8d 0.25 0.25 0
Li2 4b 0 0.5 0
Li3 4c 0 0.167 0.25
0O1 8t 0 0.747 0.510
H1 8f 0 0.831 0.407
Cl1 8g 0.75 0.487 0.25

 The data was originally reported using non-standard coordinates (x — x, y — z and z
— —y), which were converted to standard coordinates for ease of comparison to the data

reported in the current study.

structure in space group Pm3m proceeds via an intermediate phase, which is
believed to be tetragonal in space group P4/mmm. However, as with many
of the studies relating to LiyOHCI, detailed crystallographic information was
not provided for any of the structures proposed by Song et al.?!® Hence, it is
challenging to confirm these claims as the structural models proposed cannot

be generated and validated against experimental data.

As stated earlier, Hanghofer and co-workers have published a study in

which they investigated the structure of barium-doped “LizOCl” and Li,OHCI
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via X-ray and NPD.2!® Samples of LiyOHCIl were synthesised at 400 °C, and
two different dwell times were tested. One sample was heated for 30 min-
utes, whilst another was cooled immediately after reaching 400 °C. The sam-
ple heated for 30 minutes was reported to adopt a cubic structure in space
group Pm3m at room temperature, whereas the sample immediately cooled
adopted an orthorhombic structure. The sample with the cubic structure was
not discussed in any great detail, whereas the sample exhibiting an orthorhom-
bic structure was studied extensively via VT NPD. Indexing the NPD pattern
obtained at 300 K produced an orthorhombic unit cell with lattice parameters
a=7.74574 A,b=7.99730 A and c = 3.82298 A. These lattice parameters are in
agreement with those reported previously by Schwering et al.?!3 and appear
to correspond to a 2a x 2b x ¢ configuration when compared to the Pm3m unit
cell of Li3OCl and Li,OHCI. Analysis of the extracted intensities by Hanghofer
et al., indicated that LiyOHCI most likely adopts a primitive unit cell as C- F-

and I- centred orthorhombic cells were not suitable.?10

During the study, Hanghofer et al. tested numerous space groups to
determine the room-temperature structure of Li;OHCL.?!Y They found that
their data could be refined reasonably well using several different space groups,
including Amm?2, Cmcm, Pmma, Pmm2, Pmmm and Pban. This explains the con-
fusion surrounding the structure of the room-temperature phase of LiOHCI.
Structural models in space groups Pmmm and Pban were reported to provide
particularly good fits for their NPD data. The structural model in space group
Pban was favoured as the authors reasoned that it provided a better description
of the Li positions when compared to the Pmmm model and a sample com-
position of Liy goOHj 00Cl was reported. Moreover, they reported that when
LiOHCl is cooled to 4 K, the structure remains orthorhombic in space group
Pban and an additional Li site appears. An additional Li site was also reported
for the Pmmm structure at 4 K. However, this was not discussed in any great
detail by Hanghofer et al.?!° Hence, the precise nature and cause of the struc-
tural changes taking place at low temperatures are not known. The structures
proposed in space groups Pmmm and Pban at 300 and 4 K are shown in Figure

4.3, and the corresponding crystallographic details are listed in Table 4.3.
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Figure 4.3: The structures of Li;OHCI proposed by Hanghofer and co-workers in space
groups (a,b) Pmmm and (c,d) Pban at (a,c) 300 and (b,d) 4 K.?10

Table 4.3: Crystallographic details for the orthorhombic phase of Li,OHCI (in space groups
Pmmm and Pban) proposed by Hanghofer and co-workers.? Space group Pmmm: T = 300
K,a=7.74898 A, b =8.00215 A and ¢=3.82511A. T=4K,a="7.69718 A, b = 7.99502 A and
c = 3.77307 A. Space group Pban: T =300 K, a = 7.74898 A, b = 8.00248 A and c = 3.82528 A.

No information regarding the lattice parameters was reported for the Pban structure at 4 K.

Atom  Wyckoff X y z Occ.  Ul(iso) x 100 (A?)*

Pmmm

300 K
Li1 2j 0.2480 0 0.5 0.250 3.55
Li2 21 0.3077 0.5 0.5 0.250 1.18
Li3 2p 0.5 0.2410 0.5 0.228 4.94
Li4 4y 0.3178 0.2189 0 0.263 0.89
01 4z 0.2517 0.2413 0.5 0.500 1.63
H1 8 0.1974 0.2750 0.2880 0.253 4.43
H2 8 0.3185 0.2640 0.3620 0.253 4.43
Cl1 la 0 0 0 0.125 2.05
Cl2 1b 0.5 0 0 0.125 1.85
CI3 le 0 0.5 0 0.125 3.14
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Cl4 1f 0.5 0.5 0 0.125 1.08

Pmmm

4K
Li1 2j 0.2129 0 0.5 0.250 0.86
Li2 21 0.2770 0.5 0.5 0.250 4.69
Li3 2p 0.5 0.2470 0.5 0.219 4.69
Li4 4y 0.3148 0.2390 0 0.255 4.69
Li5 2m 0 0.2830 0 0.154 4.69
01 4z 0.2521 0.2426 0.5 0.500 2.33
H1 8a 0.2133 0.2840 0.3128 0.222 1.52
H2 8x 0.3389 0.2630 0.3852 0.222 1.52
Cl1 la 0 0 0 0.125 1.53
CI2 1b 0.5 0 0 0.125 1.33
CI3 le 0 0.5 0 0.125 0.73
Cl4 1f 0.5 0.5 0 0.125 3.50

Pban

300 K
Lil 4g 0.0373 1 0 0.500 3.08
Li2 4i 1 —0.0049 0 0.218 4.66
Li3 8m 0.0741 0.0037 0.4540 0.297 3.76
01 4e 0 0 0 0.500 2.08
H1 8m 0.0834 0.0016 0.1296 0.244 3.12
H2 8m 0.0399 0.4681 0.2168 0.244 3.12
Ccl1 2d 1 1 0.5 0.250 3.03
ClI2 2c 0.75 1 0.5 0.250 1.28

Pban

4K
Li1l 4g 0.0136 1 0 0.500 1.71
Li2 4i 1 —0.0041 0 0.188 1.71
Li3 8m 0.0867 0.0367 0.4750 0.261 1.71
Li4 2b 1 0.75 0 0.052 1.71
0O1 4e 0 0 0 0.500 1.61
H1 8m 0.0895 0.0209 0.1220 0.252 1.63
H2 8m 0.0459 0.4870 0.1960 0.252 1.63
Cl1 2d 1 1 0.5 0.250 3.09
Cl2 2¢c 0.75 1 0.5 0.250 0.37

 The thermal coefficients were originally reported as B(iso) values, which were converted to

U(iso) for ease of comparison to the data reported in the current study.
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The aim of this investigation was to synthesise a phase pure sample
of Li;OHCI and accurately determine the structure of the room-temperature
phase. The reported phase transition to cubic symmetry (Pm3m) has also been
studied. Samples of LiOHCI have been prepared both via conventional solid-
state and mechanical milling methods. X-ray and neutron powder diffrac-
tion experiments, in conjunction with multinuclear SSNMR experiments, have
been completed to gain an insight into the structure of Li,OHCI. The resulting

findings are discussed in the following sections.

4.2 Experimental

421 Synthesis

Samples of Li,OHCl

The synthetic methods previously detailed in Chapter 3 have also been
used to synthesise samples of LiOHCI. All samples were prepared using sto-
ichiometric amounts of LiCl (Alfa Aesar, Ultra dry, 99.99%) and LiOH (Acros
Organics, anhydrous, 98%). The reagents were mixed and ground in an agate
mortar and pestle inside an Ar-filled glovebox. The powdered sample was
placed in a zirconia crucible and heated at 350 °C for 30 mins. A sample of
Li,OHCI was also prepared via mechanical milling methods, using a Retsch
PM100 ball mill, where the reagents were milled at 500 rpm for 9 hrs. A sam-
ple of Li;OHCI was deuterated for 2H NMR experiments using the glovebox
procedure outlined above, and the deuterated starting reagent LiOD. Exactly
the same reaction conditions were used for the deuterated and non-deuterated
samples. ?H NMR spectroscopy was used to confirm that the samples had
been successfully deuterated. This was done by acquiring a 2H NMR signal
with a relatively good signal-to-noise ratio. The 2H MAS NMR spectrum ac-
quired for LiOD is shown in the Appendix (Figure A2).

To prepare LiOD, 5 g of LiOH (Acros Organics, anhydrous, 98%) was
mixed with 5 ml of D,O (Sigma-Aldrich, 99.9 atom% D) inside a round bottom
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flask to allow the protons to be exchanged for deuterons. The solution was
heated at 110 °C for 1 hr whilst stirring continuously using a magnetic stirrer
and a hotplate. The flask was allowed to cool to room temperature after all
the water had evaporated. The flask was then connected to a Schlenk line and
evacuated to 1073 mbar for 12 hrs to dry the reagent completely. The flask was
then sealed and taken inside an Ar-filled glovebox. An XRD pattern obtained
for LiOD was identical to that of LiOH, indicating that no unexpected changes
had occurred during the deuteration process. The XRD pattern is shown in the

Appendix (Figure Al).

Samples of Li;OHCI used for NPD Experiments

Deuterated samples of Li,OHCI used for NPD experiments via HRPD
at ISIS Neutron and Muon Source, Oxford, UK (vide supra), were prepared
by our collaborator, Dr Theodosis Famprikis (Professor Christian Masquelier
Group) at Université de Picardie Jules Verne (UPJV), Laboratoire de Réactivité
et de Chiemie des Solids (LRCS), Amiens, France.

A deuterated sample of Li;OHCI was synthesised using LiCl and LiOD,
and a 5% excess of LiOD was used to ensure that no residual LiCl remained
in the sample. The reagents were ground together thoroughly using a mortar
and pestle inside an Ar-filled glovebox. The reagent mixture was then pressed
into a pellet, placed in a gold crucible, and sealed inside a steel reactor using a
copper gasket. The steel reactor was then placed inside a furnace and heated
at 350 °C for 6 hrs and then cooled to 250 °C in 100 mins and held there for 18
hrs. The sample was then cooled to room temperature in ~2 hrs. A deuterated
sample of Li;OHCI was also produced via mechanical milling. The reagents
were initially ground together using a mortar and pestle inside an Ar-filled
glovebox, and the resulting mixture was sealed inside a ZrO, milling jar. The
reagent mixture was milled at 500 rpm for 15 hrs using a planetary ball mill
(Pulverisette 7 premium, Fritsch). The corresponding XRD patterns are shown

in the Appendix (Figure A4).

LiOD was prepared using lithium metal and water as precursors as
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follows:

Li + 2D,0 — LiOD-D,0 + %Dz. (4.1)

In order to remove any dissolved gases (N, Oy, CO; etc.) D,O was bubbled
with argon gas for 30 mins. Additionally, the surface layer of Li metal was re-
moved inside an Ar-filled glovebox to remove any impurities such as nitride,
hydroxide, carbonate etc. The lithium metal was then sealed inside a reaction
flask and removed from the glovebox. The flask was then placed inside an ice
bath and D,0O was added slowly using a syringe. The H,/D, gas generated
during the reaction was allowed to escape via an oil bubbler. A 3-fold stoichio-
metric excess of DO was required to form a slurry that was stirred overnight
to complete the reaction. Subsequently, the slurry was placed in a heat bath at
120 °C to remove any supernatant water. The precipitated LiOD-D,O was then
scraped off and placed inside a vacuum oven (Btichi) which was evacuated to
1073 mbar. The reagent was heated at 200 °C for 3 hrs for dehydration. The
corresponding XRD patterns are shown in the Appendix (Figure A3).

4.2.2 X-ray Diffraction

All samples were ground using an agate mortar and pestle and packed
into 0.7 mm special glass capillaries, inside an Ar-filled glovebox. All XRD pat-
terns were recorded on a Bruker d8 diffractometer using Mo (A = 0.71073 A)
radiation. All scans were acquired for 20 = 5 —45°, with a step size of 0.01° and
a step time of 2 seconds. During all scans, the capillary was continually ro-
tated at 60 rpm to reduce the effects of preferred orientation. VT XRD patterns
were also acquired using a Bruker d8 diffractometer, where the temperature
was increased at 2 °C per hr from 25 to 50 °C, whilst continuously recording
the diffraction pattern. The experimental temperatures were controlled via an
Oxford Cryosystems Cryostream and set using the Cryopad control software.
Rietveld analysis was performed using the GSAS-II software.!® Parameters
including the background coefficients, lattice parameters, isotropic thermal co-

efficients and the profile coefficients were refined.
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4.2.3 Neutron Powder Diffraction

For neutron diffraction experiments, deuterated samples of Li,OHCl
were prepared by our collaborator, Dr Theodosis Famprikis. The samples were
synthesised using either a solid-state melt method or mechanical milling and
were analysed using HRPD at ISIS Neutron and Muon Source, Oxford, UK.
The samples were packed into a 5 mm aluminium-framed slab can with vana-
dium windows. The body of the can and fixing screws were masked with Cd
foil, and the can containing the LiOHCIl sample was sealed using gold wire,
whereas the can containing the mechanically-milled Li,OHCIl was sealed us-
ing indium wire. The can was then mounted into a top-loading Closed Cy-
cle Refrigerator (CCR) and diffraction patterns were recorded at temperatures
ranging from —263.15 °C (10 K) to 300 °C (573 K). Specific details regarding the
number of counts acquired are provided in the relevant figure captions. Ri-
etveld analysis was performed using the GSAS-II software. !> Parameters in-
cluding the background coefficients, instrumental parameters, lattice param-
eters, isotropic thermal factors, atomic positional coordinates and the profile

coefficients were refined.

4.2.4 Solid-State NMR

All solid-state NMR spectra were acquired using a Bruker 500 Avance
III HD spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, using
Larmor frequencies of 499.69 MHz for 'H (I = 1/2), 194.20 MHz for “Li (I =
3/2) and 49.00 MHz for *°Cl (I = 3/2). Powdered samples were packed into
conventional 4.0 mm ZrO, rotors under an Ar atmosphere and placed into a
Bruker 4.0 mm HX probe. 'H chemical shifts were referenced to neat tetram-
ethylsilane, by setting the resonance from a sample of adamantane to iso =
1.9 ppm. “Li and *Cl chemical shifts were referenced to 1 M LiClq) and 1 M
NaCl(aq), respectively. Standard VT 1H, 71i and 3Cl MAS NMR experiments
were completed between 33 and 52 °C using conventional hardware. Static ’Li
NMR experiments, completed at 24 and 54 °C, were undertaken using a Bruker
400 Avance III HD spectrometer, equipped with a wide-bore 9.7 T magnet, us-
ing a Larmor frequency of 155.5 MHz for “Li. The sample was packed into a
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5.0 mm ceramic rotor inside an Ar-filled glovebox and placed into a Bruker 5.0

mm static-HX probe.

Typically, a broad background signal is observed in the 'TH MAS NMR
spectra of samples with a low concentration of 'H, as is the case for Li2OHCI
samples. To overcome this, a “depth” pulse sequence was used for background
suppression. Hence, 'H MAS NMR spectra were acquired using a background

suppression (DEPTH)

experiment with typical 71/2 and 7 pulse lengths of
4 and 8 s, respectively. Conventional ’Li MAS NMR spectra were obtained
using a single-pulse experiment with a typical pulse length of 1.5 ps. Dur-

4,198 with a

ing acquisition, proton-decoupling was applied using SPINAL-6
RF field of 32 kHz. Typical RF fieldstrengths of 62 — 166 kHz were employed.
3C1 MAS NMR spectra were acquired using a hahn-echo (90°« -t — 180° — 1)
experiment with a pulse length of 4 us. Specific details regarding the recycle
delays and MAS rates used are provided in the relevant figure captions. In all
cases, quoted temperatures have been calibrated and reflect the true tempera-

ture of the sample during the experiment. Selected NMR spectra were fitted

using the SOLA tool in Topspin 4.0.

Temperature Calibration

During a NMR experiment, the set temperature rarely reflects the true
temperature of a sample, especially under MAS conditions as spinning gener-
ates additional heat. Hence, to determine and monitor the true temperature of
the sample, a temperature calibration was completed for the 4 mm probe using
neat methanol. 'H MAS NMR spectra were acquired at temperatures ranging
from 25 to 100 °C. The 'H MAS NMR spectrum for neat methanol consists of
two 'H signals, and the chemical shift of the two signals is temperature depen-
dent.?!” The chemical shift difference between the two signals was measured,

and the true temperature was calculated using the following equation,
T =409.0 K - 36.54 K X(Ad(ppm)) —21.85K ><(A6(ppm))2 . (4.2)

The temperature calibration curve obtained shows a linear relationship (y =

1.0852x + 8.23) between the actual and set temperature (Figure A5). This tem-
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perature calibration was therefore used to determine the true sample temper-

ature during all variable-temperature SSNMR experiments.

4.3 Results and Discussion

4.3.1 Li,OHCI
4.3.1.1 Synthesis of Li,OHCI and the Phase Transition

In a similar manner to the LiRAPs discussed earlier, Li,OHCl is known
to be hygroscopic. Hence, air-sensitive methods are required for its synthe-
sis. In this study, LipOHCI was synthesised under an inert atmosphere us-
ing a muffle furnace inside an Ar-filled glovebox. The whole sample prepa-
ration process, including the mixing of reagents and heating, was completed
inside a glovebox. Li,OHCI was synthesised by grinding together stoichio-
metric amounts of LiCl and LiOH and heating the reagent mixture at 350 °C
for 30 mins, as per the reaction conditions reported in the literature.'® In a
similar manner to Li3OCl, the sample was heated at a temperature higher than
the melting point of the desired phase and Li,OHCl was crystallised from the
melt. The XRD pattern obtained for a sample of Li,OHCI prepared using this
method is shown in Figure 4.4. Also shown for comparison are the diffraction
patterns of the starting materials, LiCl and LiOH. An initial inspection of the
diffraction pattern indicates it is quite different from the diffraction patterns
of the starting materials, indicating that a reaction has taken place. When the
patterns are compared there appear to be reflections corresponding to LiCl,
suggesting the presence of residual LiCl in the sample. However, there are
no reflections corresponding to LiOH. At this point, it was challenging to con-
firm the precise composition of the sample produced, as the structure of the

room-temperature phase of Li,OHCI has not been confirmed.

As previously discussed, LiOHCl is known to undergo a phase transi-
tion to cubic symmetry (Pm3m) upon heating and this high-temperature phase
has been extensively studied.?!3-216218 Hence, in order to confirm the identity
of the sample produced in this study, a VT XRD experiment was completed

where the sample temperature was slowly increased from 30 to 50 °C. The
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Figure 4.4: X-ray diffraction pattern obtained for a sample of Li,OHCI synthesised via a
conventional solid-state reaction completed inside an Ar-filled glovebox. The reaction tem-
perature was 350 °C and the reaction time was 30 mins. Also shown for comparison are the

diffraction patterns obtained for the reagents LiCl and LiOH.

corresponding XRD patterns are shown in Figure 4.5. The patterns acquired
at 30 and 35 °C appear identical, indicating that no structural change occurs
between these temperatures. As the temperature increases to 40 °C fewer re-
flections are observed. As the temperature is increased further to 45 °C and
then 50 °C fewer reflections are again observed. The patterns obtained at 45
and 50 °C are the same, indicating the phase transition has occurred. These
observations indicate that, in this sample, the phase transition starts at 35 °C
and is complete at 45 °C. This is in agreement with the literature reported thus
far.213-216218 The diffraction pattern obtained at 50 °C contains far fewer reflec-
tions than that at 30 °C, which is in line with an increase in symmetry. Hence,
it is likely the sample is Li)OHCl as it is known to adopt a cubic structure at

high temperatures.

The XRD pattern obtained at 50 °C was analysed via a multiphase Ri-
etveld refinement using the Pm3m (Li;OHCI) and Fm3m (LiCl) structural mod-
els. 192210 The Pm3m model reported by Hanghofer et al. has been used to refine

the Li,OHCI phase as it contains crystallographic information regarding the
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Figure 4.5: X-ray diffraction patterns obtained for a sample of Li;OHCI during a variable-
temperature study in which the temperature was gradually increased from 30 to 50 °C. The
sample was synthesised via a conventional solid-state reaction completed inside an Ar-

filled glovebox. The reaction temperature was 350 °C and the reaction time was 30 mins.

protons.?!? The thermal coefficients of O and H were constrained to be equiva-
lent, as is commonly done for hydroxyl groups when refining laboratory XRD
data. The refinement is shown in Figure 4.6, and the corresponding structural
parameters are detailed in Table 4.4. A x? =2.77 and a wR;, = 10.71% are in-
dicative of a very good fit. This appears to confirm that the sample prepared
is indeed that of Li;OHC], as the diffraction pattern obtained after the phase
transition can be indexed using the Pm3m structural model, in good agreement
with the literature.?!3-216 A lattice parameter of 3.91854(2) A was obtained for
LiOHCI, which is again in good agreement with values previously reported
in the literature.?13-216 Ag the sample contains two phases, Li,OHCI and LiCl,
phase fractions were refined to determine the relative quantity of each phase.
The sample contains 99.44(3)% of the desired Li;OHCI and 0.56(3)% of resid-
ual LiCl. Hanghofer et al., also reported the presence of LiCl as an impurity
in Li,OHCI samples.?! Thus, suggesting that obtaining a completely phase
pure sample of Li,OHCl is somewhat challenging. However, when compared

to our synthetic efforts for the non-hydrated LizOCl this is considerably bet-
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Figure 4.6: A multiphase refinement of the XRD data obtained for a sample of Li,OHCI at
50 °C, using the Pm3m (Li;OHCI)?'® and Fm3m (LiCl)'*° structural models. The sample was
synthesised via a conventional solid-state reaction completed inside an Ar-filled glovebox.
The reaction temperature was 350 °C and the reaction time was 30 mins. x% =277, wRp =

10.71%, Rp = 8.15%.

Table 4.4: Structural parameters for a sample of Li,OHCI at 50 °C, obtained from Rietveld
refinement of the XRD data using isotropic thermal coefficients. The sample was syn-
thesised via a conventional solid-state reaction completed inside an Ar-filled glovebox.
LiOHCI: space group Pm3m, a = 3.91854(2) A, V = 60.169(1) A3, phase fraction = 99.44(3)%.
LiCl: space group Fm3m, a = 5.15728(36) A, V = 137.171(29) A3, phase fraction = 0.56(3)%. x>
=2.77, wRp = 10.71%, Rp = 8.15%.

Atom x y z Occ. Uliso) x 100 (A?)

Li,OHCI

Li 0.5 0 0 0.667 7.45(21)

o) 0 0 0 1 2.43(6)

H 0.1279 0.1279 0.1279 0.125 2.43(6)

Cl 0.5 0.5 0.5 1 2.88(3)
LiCl

Li 0 0 0 1 3.08(189)

Cl 0.5 0.5 0.5 1 2.55(47)
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ter, as the sample is predominantly composed of the desired phase. It is noted
that the VT XRD data and the Rietveld analysis of the diffraction pattern ob-
tained at 50 °C demonstrate that LiyOHCl gradually transitions from the room
temperature phase to a cubic phase in space group Pm3m. Earlier, it was men-
tioned that Song and co-workers propose that this phase transition occurs via
an intermediary tetragonal phase.?!® However, the findings presented in this
study contrast those of Song et al.,?!8 as no intermediary phase is observed
via XRD. Interestingly, Song et al.?® report the formation of a small amount of
LiCl upon gradually heating Li,OHCI from 26 to 60 °C to observe the phase
transition. The formation of LiCl was found to be irreversible, and LiCl was
still present upon cooling the sample. According to a computational study by
Lu and co-workers, 132 defects based on LiCl vacancies would be the most en-
ergetically favourable in Li;OCl. Song et al.?!® believe that this could also be
true for Li)OHCI. Thus, explaining the formation of LiCl upon heating the
sample. This could also explain the presence of residual LiCl in the current

study, especially since no residual LiOH is detected.

It is noted that the thermal coefficient obtained for Li in Li,OHCI is
quite large. Hanghofer et al. also reported an unusually large thermal coef-
ficient for Li (Table 4.1).21° This is also similar to the refinements presented
earlier in Chapter 3 where unusually large thermal coefficients were obtained
for Li in LizOClI and LizOBr. However, it is noted that, the thermal coefficient
for Li in Li,OHCI is smaller than that obtained for Li in Li3OCl and Li3OBr.
Earlier, it was suggested that possible causes could include Li-ion mobility in
the samples that is being interpreted as thermal motion during the refinement.
This could also be occurring here as LiOHCl is a known Li-ion conductor,
and therefore, is likely to exhibit some Li-ion mobility. As discussed previ-
ously, Zhao and Daemen have suggested that Li3OCl/Br is pseudo-cubic.1?*
As Li,OHCl is analogous to Li3OCl, the same could also be true for Li,OHCI,
resulting in unusual parameters. However, no such suggestions are made for
Li,OHCI in the literature. In addition to this, the XRD data used for the re-
finement was obtained at 50 °C, where the atoms are likely to exhibit an in-

creased degree of thermal motion. Additionally, constraining the thermal co-
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efficients for O and H could also have an impact on the thermal coefficients
corresponding to other atoms in the system. However, refining the coefficients
freely for all atoms returned an unreasonably large coefficient for H. Moreover,
it must be noted that in the current refinement, the thermal motion is being
treated as isotropic, whereas, in reality, the thermal motion is most likely to be
anisotropic. However, laboratory XRD data is not of sufficient quality to obtain
anisotropic thermal coefficients. Lastly, it is noted that the thermal coefficient
obtained for Li in LiCl has a large error. This may be because LiCl is present in
a very small quantity, making it challenging to accurately determine the ther-
mal coefficients. It could also be due to the large thermal coefficient obtained

for Li in Li;OHCI that is affecting the value obtained for Li in LiCl.

Finally, it is noted that there are low intensity reflections at 20 = 8.78
and 14.21° that do not correspond to the desired phase or the starting mate-
rials, LiCl and LiOH. Thus, suggesting the presence of an impurity phase in
the sample, albeit in a very small quantity. These reflections are present in all
the diffraction patterns shown in Figure 4.5. This suggests that, in a similar
manner to the residual LiCl, the impurity phase also remains unchanged with
increasing temperature. As the intensities of these peaks are extremely low,
it is challenging to investigate the nature of the impurity phase any further.
However, this does imply that the phase fractions calculated during the refine-
ment are not fully correct, as the refinement did not account for the presence of
an impurity phase. Hence, the actual phase fractions will likely vary slightly

from the values stated.

43.1.2 The Room-Temperature Phase of Li,OHCl

As previously discussed, the structure of the room-temperature phase
of LipOHCI has not yet been confirmed, although several suggestions have
been made. To investigate the structure of the room-temperature phase, the
models proposed in the literature were used to refine the laboratory XRD data
obtained in this study. Unfortunately, the Amm2 model proposed by Schwer-
ing et al.,*!3 and the Pmmm and P4/mmm models proposed by Song et al.,*!

could not be evaluated as complete crystallographic details were not reported,

146



meaning that a suitable cif could not be generated to test these models. How-
ever, the P4mm, Pmc2, and Cmcm models reported by Howard et al.,?16217 and
the Pmmm and Pban models reported by Hanghofer et al.,?!? have all been

tested.

Initially, the XRD data for Li,OHCl obtained at room temperature was
refined using the P4mm model reported by Howard et al., for the ground state
tetragonal structure of Li,OHCI.2!® The refinement is shown in Figure 4.7. It
is noted that, in order to simplify the refinement and focus on Li;OHCI, the
reflections corresponding to the impurity phase and LiCl were excluded and
are denoted by *. For completeness, this has been done for all refinements in
this section. At first, the model placed calculated reflections where there was
no experimental data, requiring the lattice parameters to be heavily refined in
order to index the reflections observed. In doing so, the lattice parameters a

=b =3.8712(6) A and c = 3.9945(9) A were obtained. Notably, these are very
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Figure 4.7: Attempted Rietveld refinement of the XRD data obtained for a sample of
Li;OHCI, synthesised via a conventional solid-state reaction completed inside an Ar-filled
glovebox, using the P4mm structural model proposed by Howard et al.?'® The reaction tem-
perature was 350 °C and the reaction time was 30 mins. Reflections corresponding to an
unidentified impurity phase and LiCl were excluded and are denoted by *. a = b = 3.8712(6)
A, ¢=3.9945(9) A, V =59.862(17) A3. x2 = 67.62, wRp = 49.25%, Rp = 36.24%.
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different from those originally reported (a = b = 3.794 A and ¢ = 3.578 A) by
Howard et al.?!® Unfortunately, not all reflections were indexed. Thus, suggest-
ing that the model is not fully correct. Therefore, no additional parameters, i.e.,
the fractional occupancies or thermal coefficients were refined and they were
fixed at 1 and 2.5 X 1072 A2, respectively, for all atoms. Attempts to refine these
parameters did not result in sensible values. Unsurprisingly, the fit obtained
is quite poor. Hence, this model could not be used to describe the structure
of the room-temperature phase of Li,OHCI. This seems to be in agreement
with Howard et al., that the ground state tetragonal structure is not observed

experimentally. 216

In the same study, Howard et al. also reported the orthorhombic Prmc2;
model, and stated that it provided a good fit for their XRD data.?'® Hence, it
was also used here to complete the Rietveld refinement of the XRD data for
LiOHCIL. The refinement is shown in Figure 4.8, and the corresponding struc-
tural parameters are detailed in Table 4.5. In this case, a reasonably good fit is
obtained with a x* = 5.86 and wRy, = 14.49%. All of the major reflections ob-
served in the diffraction pattern can be indexed using this model, suggesting
that Pmc2; is a promising model for describing the room-temperature structure
of Li,OHCI. However, it must be noted that some of the lower intensity reflec-
tions at 20 = 7.30 and 12.90° have not been indexed. Additionally, the reflection
at 20 = 15.83° that has been indexed is believed to correspond to the starting
material LiCl. Moreover, the calculated intensity for a number of reflections
does not match with the experimental data. This could be suggesting inaccu-
racies in the atomic positions reported. However, as discussed previously, it
is quite challenging to detect lighter atoms such as Li and H via laboratory
XRD. Hence, the atomic coordinates were not refined as it would be difficult
to obtain reliable values. The lattice parameters obtained (a = 3.87987(7) A, b
=3.83163(7) A and c = 8.01418(14) A) are in general agreement with those ini-
tially reported (a =3.831 A,b=23.617 A and ¢ =7.985 A). It is noted that param-
eter b exhibits a slight variation from the reported value. However, such dif-
ferences are not unexpected when comparing calculated models proposed in

computational studies with experimental data. Lastly, the thermal coefficients
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Figure 4.8: Rietveld refinement of the XRD data obtained for a sample of Li,OHCI, synthe-
sised via a conventional solid-state reaction completed inside an Ar-filled glovebox, using
the Pmc2; structural model proposed by Howard et al.?!® The reaction temperature was 350
°C and the reaction time was 30 mins. Reflections corresponding to an unidentified impu-
rity phase and LiCl were excluded and are denoted by *. x2 = 5.86, wRp = 14.49%, Rp =
10.87%.

obtained for Li are very large, which could again be indicating the model is not
quite right. In particular, the thermal coefficient for Li2 is extremely large with

a similarly large error. The presence of such a large value on one particular

Table 4.5: Structural parameters for a sample of Li;OHCI, synthesised via a conventional
solid-state reaction completed inside an Ar-filled glovebox, obtained from Rietveld refine-
ment of the XRD data using isotropic thermal coefficients. Li,OHCI: space group Pmc2;, a
=3.87987(7) A, b = 3.83163(7) A, c = 8.01418(14) A, V = 119.141(3) A3. x? = 5.86, wRp = 14.49%,
Rp =10.87%.

Atom x y z Occ. Uliso) x 100 (A2)
Lil 0 0.001 0.25 1 4.73(30)
Li2 0.5 0.086 0 1 29.87(136)
o1 0 -0.024 0 1 1.55(9)
H1 0 0.699 0 1 1.55(9)
I 0.5 0.5 0.25 1 2.74(5)
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site could be indicating structural inconsistencies with that site, i.e., the sym-
metry around that site is not quite right in this model. However, this model
is quite promising with regards to the fact that it successfully indexes many of

the observed reflections and the fit obtained appears to be quite reasonable.

In a follow-up study, Howard et al. suggested another orthorhombic
structure for Li;OHCI, in space group Cmcm.?'7 This model was also used to
refine the XRD data. The refinement is shown in Figure 4.9 and the correspond-
ing structural parameters are shown in Table 4.6. Again, this model appears to
provide a relatively good fit with a x? = 7.90 and wR;, = 16.82%, and can index
almost all of the reflections, including those at 26 = 7.30 and 12.90°, which were
not indexed using the Pmc2; model. However, the calculated peak intensities
do not appear to match well with those observed experimentally. Addition-
ally, in some places, the model appears to place calculated intensities where

there is no experimental data (20 = 9.03, 11.76, 15.57, 16.58, 21.75, 24.08, 26.56,
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Figure 4.9: Rietveld refinement of the XRD data obtained for a sample of Li,OHCI, synthe-
sised via a conventional solid-state reaction completed inside an Ar-filled glovebox, using
the Cmcm structural model proposed by Howard et al.?'” The reaction temperature was 350
°C and the reaction time was 30 mins. Reflections corresponding to an unidentified impu-
rity phase and LiCl were excluded and are denoted by *. x2 = 7.90, wRp = 16.82%, Rp =
11.20%.
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Table 4.6: Structural parameters for a sample of Li;OHCI, synthesised via a conventional
solid-state reaction completed inside an Ar-filled glovebox, obtained from Rietveld refine-
ment of the XRD data using isotropic thermal coefficients. Li,OHCI: space group Cmcm,
a =8.01433(16) A, b = 7.75981(16) A, ¢ = 7.66315(16) A, V = 476.569(12) A3. x% = 7.90, wRp =
16.82 %, Rp = 11.20%.

Atom x y z Occ. Uliso) x 100 (A?)
Lil 0.25 0.25 0 1 4.03(33)
Li2 0 0.5 0 1 4.60(70)
Li3 0 0.167 0.25 1 33.76(284)
o1 0 0.747 0.510 1 1.44(11)
H1 0 0.831 0.407 1 1.44(11)
Cl1 0.75 0.487 0.25 1 2.48(6)

28.53,30.02 and 37.37°). Thus, suggesting possible issues with the atomic coor-
dinates and/or fractional occupancies. The lattice parameters obtained are in
reasonable agreement with those reported. Moreover, in a similar manner to
the Pmc2; model, the thermal coefficients obtained are quite large, particularly
for Li3, which also has a large error. Also, it is noted that the goodness of fit
is slightly lower than that obtained using the Pmc2; model. Hence, again, the

model is good, but it is perhaps not entirely correct.

As discussed previously, Hanghofer et al. tested many space groups to
determine the correct space group for the room-temperature phase of Li,OHCI,
and structural models in space groups Pmmm and Pban were reported as pos-
sible structures for Li,OHCI.210 The latter was believed to be more suitable.
As stated earlier, two different structures were reported in each space group,
one at 300 K and another at 4 K containing an additional Li site. In the current
study, all of these models have been used to refine the XRD data for Li,OHCl
and the refinements completed using the Pmmm models are shown in Figure
4.10. The corresponding structural parameters obtained are detailed in Table
4.7. In the first instance, the fit obtained using the model proposed at 300 K
appears to be relatively good with x* =5.17 and wR;, = 13.64%. All reflections

corresponding to the desired phase are indexed. However, in a similar manner
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Figure 4.10: Rietveld refinement of the room temperature XRD data obtained for a sample of
Li;OHCI, synthesised via a conventional solid-state reaction completed inside an Ar-filled
glovebox, using the Pmmm structural model proposed at (a) 300 and (b) 4 K by Hanghofer
et al.?!% The reaction temperature was 350 °C and the reaction time was 30 mins. Reflections
corresponding to an unidentified impurity phase and LiCl were excluded and are denoted

by *. (a) x* = 5.17, wRp = 13.64%, Rp = 10.06%. (b) x* = 5.93, wRp = 14.57%, Rp = 10.36%.
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Table 4.7: Structural parameters for a sample of Li,OHC], synthesised via a conventional
solid-state reaction completed inside an Ar-filled glovebox, obtained from Rietveld refine-
ment of the room temperature XRD data using isotropic thermal coefficients. Li,OHCI: 300
K: space group Pmmm, a = 7.75968(13) A, b = 8.01395(13) A, c = 3.83160(6) A, V = 238.271(5)
A3. x% =5.17, wRp = 13.64%, Rp = 10.06%. 4 K: space group Pmmm, a = 7.75973(13) A, b =
8.01400(14) A, c = 3.83162(7) A, V = 238.275(5) A3. x2 = 5.93, wRp = 14.57%, Rp = 10.36%.

Atom x y z Occ. Uliso) x 100 (A?)
300 K
Lil 0.2480 0 0.5 0.226(4) 2.5
Li2 0.3077 0.5 0.5 0.198(4) 2.5
Li3 0.5 0.2410 0.5 0.127(4) 2.5
Li4 0.3178 0.2189 0 0.100(4) 2.5
01 0.2517 0.2413 0.5 0.242(1) 2.5
H1 0.1974 0.2750 0.2880 0.145(6) 2.5
H2 0.3185 0.2640 0.3620 0.007(6) 2.5
Cl1 0 0 0 0.245(1) 2.5
cI2 0.5 0 0 0.210(1) 25
CI3 0 0.5 0 0.241(1) 25
Cl4 0.5 0.5 0 0.228(1) 25
4K
Lil 0.2129 0 0.5 0.244(17) 2.18(44)
Li2 0.2770 0.5 0.5 0.203(17) 2.18(44)
Li3 0.5 0.2470 0.5 0.168(8) 2.18(44)
Li4 0.3148 0.2390 0 0.101(5) 2.18(44)
Li5 0 0.2830 0 0.019(7) 2.18(44)
o1 0.2521 0.2426 0.5 0.252(4) 2.45(21)
H1 0.2133 0.2840 0.3128 0.166(17) 2.45(21)
H2 0.3389 0.2630 0.3852 0.011(15) 2.45(21)
cl1 0 0 0 0.241(3) 2.63(5)
cI2 0.5 0 0 0.259(2) 2.63(5)
c13 0 0.5 0 0.261(2) 2.63(5)
Cl4 0.5 0.5 0 0.229(3) 2.63(5)

to the previous refinements, there appears to be some variation between the
calculated and observed intensities of the reflections. Thus, suggesting that
the model is not completely accurate. The structural parameters determined

show that the lattice parameters obtained are in excellent agreement with those
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initially reported. However, a detailed inspection of the crystallographic infor-
mation (Table 4.3) reported by Hanghofer et al.?10 revealed that the reported
occupancy values correspond to a sample composition of Lip 50802H4.05Clo 5
and not Li,OHCI. Thus, suggesting that the sample investigated by Hanghofer
et al.?'% may not have had the correct stoichiometry. Hence, the fractional oc-
cupancies were refined, and a sample composition of Lij 502000.968H1.216Clo.924
was obtained. This formula is not quite charge-balanced. However, it is much
closer to the intended composition of Li,OHCL. It is noted that the fractional
occupancy corresponding to H2 has a relatively large error, meaning a reliable
value could not be determined. This could be indicating possible inaccuracies
within the structure. During the refinement, the thermal coefficients for all
atoms were fixed at 2.5 X 1072 A2, Attempts to refine any thermal coefficients
resulted in negative (and therefore meaningless) values. Thus, suggesting pos-
sible errors within the structural model. In a similar manner to the refinements
presented earlier, here too, the atomic positions were not refined as reliable
values cannot be obtained using the laboratory XRD data. Overall, the refine-
ment presented suggests that this model is unsuitable for LiOHCI. This is in

contrast to the findings of Hanghofer et al.,?!?

who obtained a very good fit
for their NPD data using this model and were able to successfully refine the

thermal coefficients (Table 4.3).

Hanghofer et al.?1°

proposed the Pmmm 4 K model as a possible struc-
ture for Li,OHCI at 4 K as they believe the structure of Li,OHCI at very low
temperatures differs from the room-temperature structure. To date, the study
reported by Hanghofer et al.?'" is the only one to offer this suggestion. In
order to confirm that an additional Li site is not present at room tempera-
ture and only appears at low temperatures, both Pmmm models (300 and 4
K) have been tested using the XRD data acquired at room temperature. A
slightly lower goodness of fit was achieved (x* = 5.93 and WRy, = 14.57%) us-
ing the Pmmm model proposed at 4 K when compared to the Pmmm model
proposed at 300 K. As expected, the lattice parameters obtained are similar to

those determined using the 300 K model and in excellent agreement with the

reported values.?!¥ It is noted that the lattice parameters determined via the
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XRD data obtained at room temperature can only be compared to those re-
ported at 300 K and not 4 K. Here too, the fractional occupancies for all atoms
were successfully refined, and the values obtained indicate a sample composi-
tion of Lij 67201.000H1.416Clo.990. Again, this is not quite charge-balanced, but it
is closer to LiyOHCI than the composition corresponding to the data reported
by Hanghofer et al.?'0 at 4 K (Lip.766OHsz.55,Cl). Unfortunately, the fractional
occupancy for H2 has an error that is bigger than the actual value obtained.
Additionally, the fractional occupancy for Li5 is quite low, with a relatively
large error. Thus, suggesting possible errors in the model. Moreover, refining
the thermal coefficients presented some difficulties, and a sensible outcome
could only be obtained when multiple constraints were introduced. Alongside
the thermal coefficients for O and H, those for light atoms such as Li and Cl
were also constrained to be equivalent. The coefficients obtained appear to be
reasonable when compared to some of the earlier refinements. Overall, this
model appears to provide a reasonable fit for the XRD data, but it does not ap-
pear to be wholly accurate. Unfortunately, it is unclear whether this is due to
inaccurate atomic coordinates, the absence of Li5 or if the model is altogether
incorrect. Hence, it cannot be said for certain that an additional Li site only

appears at low temperatures and is not already present at room temperature.

Finally, the orthorhombic Pban models proposed by Hanghofer et al.?'?

were used to refine the XRD data acquired for Li,OHCI and the “refinement”
attempted using the Pban model proposed at 300 K is shown in Figure 4.11.
Inspection of the allowed reflections indicates that there are many possible re-
flections allowed. The refinement was attempted, however, there were some
significant issues in getting the experimental pattern to be “recognised” by the
model. As a result, the refinement could not be completed as no sensible re-
fined parameters could be obtained. Thus, suggesting that this is not a suitable
structural model for Li,OHCI. This is highly surprising as Hanghofer et al.?!?
reported the structure in space group Pban as the correct model for Li,OHCI.

! 210

The crystallographic details reported by Hanghofer et a were examined

further and two key observations were made.

Firstly, the fractional occupancies reported at 300 K by Hanghofer et
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Figure 4.11: Rietveld refinement of the XRD data obtained for a sample of Li;OHCI, synthe-
sised via a conventional solid-state reaction completed inside an Ar-filled glovebox, using
the Pban structural model proposed by Hanghofer et al. at 300 K.?!° Reflections correspond-
ing to an unidentified impurity phase and LiCl were excluded and are denoted by *. a =
7.7582(34) A, b = 8.0124(14) A, ¢ = 3.8330(16) A, V = 238.27(14) A3. x2 = 116.68, wRp = 64.70%,
Rp = 53.65%.

al.>1% correspond to a composition of Lis1OH1.95Cl. Interestingly, this is in

contrast to the statements made in their publication, as their refinement was
reported to indicate a sample composition of Lir g0OH;00Cl. However, the
crystallographic information detailed in the publication indicates otherwise.
Thus, in a similar manner to the Pmmm models discussed earlier, the reported
occupancies do not correspond to a sample composition of Li,OHCI. Thus,
further suggesting that the sample investigated by Hanghofer et al.?'? did not
have the correct stoichiometry, in turn, making the reported crystallographic

information somewhat unreliable.

Secondly, corroborating the crystallographic information reported by

1,210 220 ye-

Hanghofer et a using the International Tables for Crystallography,
veals that the reported atomic positions for Lil, Li2, Cl1 and CI2 are not in
agreement with the Wyckoff positions assigned for those atoms. Table 4.8

shows the allowed coordinates for the assigned Wyckoff positions along with
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Table 4.8: A comparison of the atomic coordinates allowed for space group Pban as detailed

220

in the International Tables for Crystallography“" and those reported by Hanghofer and

co-workers?!? for Wyckoff positions 4g, 4i, 2d and 2c.

Atom Wyckoff Allowed Coordinates Reported Coordinates
Lil 4g (x,0.25,0), (—x+0.5,0.25, 0), 0.0373,1,0
(—x,0.75,0), (x+0.5, 0.75, 0)
Li2 4i (0.25,y, 0), (0.25, —y+0.5, 0), 1, -0.0049, 0
(0.75, -y, 0), (0.75, y+0.5, 0)
cn 2d (0.25,0.25, 0.5), (0.75, 0.75, 0.5) 1,1,05
Cl2 2c (0.75,0.25, 0.5), (0.25, 0.75, 0.5) 0.75,1,0.5

those reported by Hanghofer et al.?1? It appears that an atomic position of 1
has been specified in place of 0.25. It is noted that positions such as 0.25 and 1
are special positions and therefore cannot be altered, as doing so, will produce
a different structure. This was initially believed to be a typographical error.
However, the “error” appears to be repeated for all 4 atoms mentioned above,
as well as for the model reported at 4 K (Table 4.3). It is noted that the conven-
tion for space group Pban is to use the origin setting 2. For space group Pban,
origin setting 1 denotes that the origin lies at a site with a 222/n symmetry
and exhibits a shift of 0.25, 0.25, 0 from origin 2. Conversely, the origin setting
2 denotes that the origin lies at a site with a 1 symmetry and exhibits a shift of
—0.25, —0.25, 0 from origin 1. The origin setting 2 allows the origin to be placed
at an inversion centre which is preferable as it provides a more accurate de-
scription of the structure and makes the task of structural refinement easier. To
check whether the discrepancy in the atomic positions reported by Hanghofer
et al.?!% was due to an incorrect origin setting, the origin setting 1 was also
investigated. However, in this origin setting the atomic positions reported
did not agree with the assigned Wyckoff positions. Interestingly, Hanghofer
et al.?!¥ stated that they used an origin setting of 2 (the standard setting for
space group Pban). Yet, their reported crystallographic data does not appear
to agree with either origin setting. It is difficult to tell whether this is a case of

a repeated typographical error or whether the atomic coordinates reported by
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1 210

Hanghofer et a are altogether incorrect.

In an attempt to refine the XRD data using the structural model in
space group Pban with the correct crystallographic details, the model initially
reported by Hanghofer et al. 21 was modified by altering the atomic positions
for Lil, Li2, CI1 and Cl2. The new model generated is shown in Figure 4.12(a)
and the corresponding crystallographic details are listed in Table 4.9. This
structure appears to be quite different from that initially proposed by Hang-
hofer et al.?!% (Figure 4.12(b)). The refinement completed using the new model
generated is shown in Figure 4.13(a). The fit appears to be considerably im-
proved, with x* = 4.44 and wR,, = 12.59%, suggesting this is the best fit yet.
The lattice parameters obtained are in good agreement with those initially re-
ported by Hanghofer et al.?'Y During the refinement, the fractional occupancies
of O1, CI1 and CI2 were fixed at 0.25 to reflect the composition of Li,OHCI,
and the fractional occupancies of all Li and H atoms were refined. The val-
ues obtained suggest a sample composition of Lij 924OH;j 616Cl. The formula
is not charge-balanced but it is close to the intended composition of Li;OHCI.
Also, it is much closer to Li;OHCl than Lis 1OH1 95,Cl, which was reported by
Hanghofer et al.?!¥ Unlike the previous refinement (Figure 4.11), the thermal
coefficients for all atoms were successfully refined using this model. Thus, sug-
gesting that this Pban model is closer to the actual structure of Li,OHCI than
the one reported by Hanghofer et al.2!” The thermal coefficients for O1, H1 and
H2 were constrained to be equivalent. In most cases, the thermal coefficients
obtained appear to be quite reasonable. However, the thermal coefficient ob-
tained for Li2 is quite large and has a very large error, whereas the one for
Li3 is rather small and has an error equal to the value obtained. Thus, sug-
gesting some possible inaccuracies in the model. These could include inaccu-
rate atomic positions and/or the fractional occupancies for Li2, Li3 and other
atoms. Hence, it is possible that refining the atomic positions may improve the
thermal coefficients and the fractional occupancies. However, atomic positions
were not refined for any of the atoms as laboratory XRD data is not sufficiently

reliable for this.

In a similar manner to the Pban model reported at 300 K, the atomic
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Figure 4.12: The structure of Li,OHCI in space group Pban (a) generated using atomic po-

220

sitions as stated in the International Tables for Crystallograhy“*’ and (b) as proposed by

Hanghofer and co-workers.?!

coordinates reported initially for some of the atoms at 4 K (Table 4.3) did not
comply with the guidelines specified for this space group in the International
Tables for Crystallography.??’ Hence, the atomic coordinates for Lil, Li2, Li4,
Cl1 and CI2 had to be altered, and the new atomic coordinates are listed in
Table 4.9. This new Pban model was also tested, and the refinement completed
is shown in Figure 4.13(b), and the corresponding structural parameters are

detailed in Table 4.9. The goodness of fit (x> = 4.43 and wRp = 12.59%) is
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Figure 4.13: Rietveld refinement of the XRD data obtained for a sample of Li;OHCI, synthe-
sised via a conventional solid-state reaction completed inside an Ar-filled glovebox, using
the new Pban models adapted from those initially reported by Hanghofer et al. at (a) 300
and (b) 4 K.?!° The reaction temperature was 350 °C and the reaction time was 30 mins. Re-
flections corresponding to an unidentified impurity phase and LiCl were excluded and are
denoted by *. (a) x® = 4.44, wRp = 12.59%, Rp = 9.16%. (b) x? = 4.43, wRp = 12.59%, Rp =
9.23%.
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Table 4.9: Structural parameters for a sample of Li,OHC], synthesised via a conventional
solid-state reaction completed inside an Ar-filled glovebox, obtained from Rietveld refine-
ment of the XRD data using isotropic thermal coefficients. Li,OHCI: 300 K: space group
Pban, a = 7.75963(12) A, b = 8.01401(12) A, ¢ = 3.83160(6) A, V = 238.271(4) A3. x? = 4.44,
wRp = 12.59%, Rp = 9.16%. 4 K: space group Pban, a = 7.75966(12) A, b = 8.01409(12) A, ¢ =
3.83158(6) A, V = 238.273(4) A3. 2 = 4.43, wRp = 12.59%, Rp = 9.23%.

Atom x y z Occ. Uliso) x 100 (A?)
300 K
Lil 0.0373 0.25 0 0.244(5) 2.56(42)
Li2 0.25 ~0.0049 0 0.113(7) 5.62(112)
Li3 0.0741 0.0037 0.4540 0.062(4) 0.92(92)
01 0 0 0 0.25 2.28(9)
H1 0.0834 0.0016 0.1296 0.093(17) 2.28(9)
H2 0.0399 0.4681 0.2168 0.109(17) 2.28(9)
Cl1 0.25 0.25 0.5 0.25 2.82(15)
Cl2 0.75 0.25 0.5 0.25 2.43(13)
4K
Lil 0.0136 0.25 0 0.243(5) 3.82(40)
Li2 0.25 ~0.0041 0 0.113(4) 3.82(40)
Li3 0.0867 0.0367 0.4750 0.072(3) 3.82(40)
Li4 0.25 0.75 0 0.013(6) 3.82(40)
o1 0 0 0 0.25 2.29(9)
H1 0.0895 0.0209 0.1220 0.055(16) 2.2909)
H2 0.0459 0.4870 0.1960 0.149(15) 2.2909)
Cl1 0.25 0.25 0.5 0.25 2.08(16)
Cl2 0.75 0.25 0.5 0.25 3.21(19)

very similar to the refinement completed using the Pban model adapted from
the one reported at 300 K. Additionally, the lattice parameters obtained agree
with those reported and are similar to those determined via the previous re-
finement. This is unsurprising as both models are very similar. As with the
previous refinement, the fractional occupancies for O and Cl atoms were fixed
at 0.25, and those for Li and H atoms were refined freely. The resulting values
indicate a composition of Lij g30H; 63,Cl, similar to the composition obtained

via the previous refinement. However, unlike the previous refinement, the
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thermal coefficients for Li atoms could not be refined freely and had to be con-
strained to be equivalent to avoid negative values. The thermal coefficients for
O and H atoms were also constrained to be equivalent. The resulting values,
however, appear to be quite reasonable. Overall, both Pban models appear to
provide a very good fit. Therefore, it is challenging to rule out the presence
of an additional Li site using the current data alone. In order to determine the
exact number of Li sites present in the room-temperature phase of Li,OHCI

high resolution diffraction techniques would be required.

4.3.1.3 NPD Studies of Li,ODCl

Li;OHCI was further investigated via NPD using HRPD at ISIS.'# As
previously discussed in Chapter 2, neutron diffraction provides better resolu-
tion than laboratory XRD. Additionally, the lighter elements are more easily
detected via neutron diffraction when compared to laboratory XRD, which
is of particular importance in the case of Li;OHCI. It is common practice to
deuterate samples prior to neutron diffraction analysis because, in a neutron
diffraction experiment, the scattering power is dependent on the nucleus, un-
like in XRD, where the scattering power is dependent on the number of elec-
trons. Deuterons have a higher scattering power than protons, making it easier
to probe their position within a structure. In this study, a deuterated sample
of Li,OHCl was prepared by our collaborator and was analysed via neutron
diffraction. The sample was prepared using a conventional solid-state reac-
tion, and to ensure that no residual LiCl remained in the sample, a 5% ex-
cess of LiOD was used during the synthesis. This synthesis method differs
from that used for the Li;OHCI sample discussed earlier. Therefore, a sam-
ple of LiOHCl synthesised by our collaborator via the same method was also
analysed via VT XRD for comparison to assess the effects of different reac-
tion conditions. The corresponding diffraction patterns obtained at 30 and 50
°C are shown in Figure 4.14. They appear to be very similar to those shown
earlier (Figure 4.5). However, closer inspection of the diffraction patterns re-
veals that the pattern acquired at 30 °C contains reflections that appear to cor-

respond to the high-temperature cubic (Pm3m) phase. Thus, suggesting the
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Figure 4.14: Variable-temperature X-ray diffraction patterns acquired at 30 (blue) and 50
°C (red), for a sample of Li,ODCI, synthesised using a conventional solid-state synthesis
by our collaborator. The reflections corresponding to residual LiCl and an unidentified

impurity phase are denoted by *.

synthesis method used produces a sample that contains a small amount of the
high-temperature cubic (Pm3m) phase, in addition to the room-temperature
phase. Moreover, the sample is not phase pure as the same additional reflec-
tions present in the patterns shown earlier (Figure 4.5) are also observed here.
These reflections are denoted by * and suggest the presence of residual LiCl
and an unidentified impurity phase in the sample. These findings suggest that
it is very difficult to obtain an entirely phase pure sample of Li;OHCI, as small
amounts of impurities always seem to be present. Also, the presence of resid-
ual LiCl suggests that a 5% excess of LiOD is not sufficient. An XRD pattern
obtained (using a Co source) for the deuterated sample of Li,OHCI investi-

gated via NPD is shown in the Appendix (Figure A4).

The HRPD instrument allows a much wider temperature range to be
probed when compared to a conventional laboratory X-ray diffractometer. In
turn, allowing for a comprehensive investigation of Li;ODCl as a function of

temperature. The data obtained using the backscattering bank was deemed
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the most useful as it contained the greatest number of reflections correspond-
ing to the sample when compared to the other two banks. Hence, it is the only
one shown and discussed here. Initially, the Li,ODCI sample was cooled to
—-263 °C (10 K), the lowest temperature permitted by the apparatus used. The
NPD pattern acquired at —263 °C (10 K) is shown in Figure 4.15(a). The sam-
ple was then heated to 20 °C, and the corresponding diffraction pattern is very
similar to that obtained at —263 °C (10 K), as it appears to contain the same
reflections. The reflections exhibit a slight shift to higher d-spacing, suggest-
ing an increase in the lattice parameters. This is to be expected with increasing
temperature. It is noted that, in a similar manner to the XRD pattern obtained
for a sample synthesised using this method (Figure 4.14), the NPD pattern
recorded at 20 °C also exhibits several low intensity peaks that appear to cor-
respond to the cubic (Pm3m) phase of Li,ODCIL. Thus, suggesting that at 20
°C, the sample contains a small amount of the high-temperature cubic (Pm3m)
phase of Li,ODCI alongside the room-temperature phase of Li,ODCI. This is
noteworthy because the sample was initially cooled to —263 °C (10 K) and was
reheated to 20 °C. There were no reflections corresponding to the Pm3m phase
at =263 °C (10 K). The presence of these reflections at 20 °C demonstrates that
upon reheating, the structure of Li,OHCI reverts to its original state, which
includes a small amount of the cubic (Pm3m) phase alongside the orthorhom-
bic phase. As the sample temperature is increased to 50 °C, the diffraction
pattern changes significantly, and considerably fewer reflections are observed,
suggesting a substantial change in the structure. This is in agreement with the
XRD data shown earlier where Li,OHCI was shown to adopt a cubic structure
in space group Pm3m at 50 °C (Figure 4.6). A further increase in temperature
to 150 °C does not appear to induce any significant changes in the structure
of Li)OH/DCl as the diffraction pattern remains largely unchanged. There is,
however, a shift in the reflections to higher d-spacings, suggesting an increase
in the lattice parameter with increasing temperature. Again, this is to be ex-

pected as cell volumes typically increase with increasing temperature.

As stated earlier, considerably higher temperatures can be probed us-

ing HRPD when compared to a conventional laboratory X-ray diffractometer.
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Figure 4.15: Variable-temperature NPD patterns obtained for a sample of Li,ODCI, synthe-
sised using a conventional solid-state reaction, at (a) —263, 20, 50 and 150 °C, collected for
644.97, 322.89, 320.04 and 237.44 pA, respectively, using the backscattering bank at HRPD.
(b) The sample was then heated to 260, 270 and 280 °C and the data was collected for 40.02,
40.02 and 46.96 pA, respectively. (c) The sample was further heated to 285, 290 and 300 °C,
where the data was collected for 3.11, 3.59 and 3.50 nA, respectively. Also shown in (c) is the
NPD pattern of the sample after it was cooled down to 20 °C post-melt, and the data was
collected for 21.12 pA.
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Hence, Li,ODCl was also investigated at 260, 270 and 280 °C. The correspond-
ing NPD patterns are shown in Figure 4.15(b). The diffraction patterns appear
to be similar to those obtained at 50 and 150 °C. Thus, suggesting that the struc-
ture of LiyOH/DCI remains cubic with increasing temperature. As observed
earlier, here too, an increase in temperature results in a shift of each reflection
to higher d-spacing. Finally, higher temperatures were cautiously probed as
the temperature approached the melting point of Li,OH/DCl (Figure 4.15(c)).
Zhao and Daemen reported the melting point of their “LizOCl” sample to be
282 °C.'?* During the current study, the melting point of Li;OHCI was mea-
sured via a capillary method using a conventional melting point analysis ap-
paratus and, the sample was observed to melt between 285 — 289 °C. At 285 °C,
a diffraction pattern is still observable, and it appears that the cubic structure is
still intact. The pattern obtained at 290 °C also exhibits reflections correspond-
ing to the cubic structure. However, the intensity of the reflections is signifi-
cantly lower, and the level of noise is noticeably higher when compared to the
pattern obtained at 285 °C. Both patterns were recorded for a similar number
of counts. Thus, this suggests that the sample was beginning to melt. Finally,
no reflections were observed at 300 °C, suggesting the sample had completely
melted. The sample was then cooled back to 20 °C, and the corresponding
diffraction pattern does not show any reflections. Thus, suggesting that the

sample is no longer crystalline.

The Low-Temperature Phase of Li,OH/DCl

As discussed earlier, the precise structure of the room-temperature
phase of Li;OHCl is not known, although several models have been proposed.
In some cases, adequate structural information to generate a cif was reported,
and those models were tested using the XRD data obtained for Li,OHCI (vide
supra). Of all the models tested, the Pban model adapted from the one reported
in the literature by Hanghofer et al.?1? at 300 K, provided the best fit. However,
as mentioned earlier, the atomic coordinates could not be refined for any of the
models as the laboratory XRD data does not offer sufficient resolution to do

so. In order to obtain a precise structure, it is necessary to determine accurate
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atomic coordinates. In such cases, high-resolution diffraction data acquired at
extremely low temperatures can be beneficial as atoms exhibit very little ther-
mal motion. Thus, making it easier to determine their precise location. Hence,
in this study, a sample of LiODCl was analysed via NPD at —263 °C (10 K) and
the corresponding diffraction pattern was used to evaluate the Pmc2;, Cmcm,
Pmmm and the new Pban models discussed earlier. The P4mm model was not
tested as it provided an extremely poor fit for the laboratory XRD data (Figure
4.7).

! 216

Initially, the Pmc2; model proposed by Howard et a was tested,

and a multiphase refinement was completed using the Pmc2; (Li,ODCI)?¢
and Fm3m (LiC1)'* models (Figure 4.16). It was noticed that all NPD patterns
acquired exhibited several additional reflections at d = 0.81, 0.87, 0.95, 1.23,
1.24,1.31,1.50, 1.51 and 1.88 A, which are known to correspond to the sample
holder. The reflections at d = 1.23 and 1.24 A are known to correspond to the
vanadium windows, and those at d = 1.50 and 1.51 A are due to the aluminium
can be used. All of these reflections were excluded during the refinement and
are denoted by *. This has been done for all refinements completed for this
dataset. Additionally, it is noted that the XRD pattern corresponding to the
LiOHCI sample discussed earlier, and the one for the NPD sample, indicate
the presence of an impurity phase, albeit in a very small quantity. The impurity
phase has not been included in any of the refinements as its precise composi-

tion is currently unknown. This is unlikely to pose any significant issues, as it

appears to be present in very small quantities.

An assessment of the refinement shows that most of the reflections ob-
served have been indexed. However, there is a substantial difference between
the calculated and observed intensities. The model also appears to place in-
tensities where there is no experimental data (e.g., d = 0.95, 1.06, 1.11, 1.28,
1.43, 1.44, 1.47, 1.68, 1.77 and 1.89 A). As such, the quality of the fit obtained
is relatively poor, with a x? = 48.20 and wRp = 7.24%. The lattice parame-
ters determined for Li,ODCI are a little shorter than those obtained via the
XRD analysis (Figure 4.8). This is to be expected with decreasing temper-

ature. Unfortunately, structural parameters such as the atomic coordinates,
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Figure 4.16: Rietveld refinement of the NPD data collected at —263 °C (10 K) for 644.97 pA
using the backscattering bank, for a sample of Li,ODCI, synthesised using a conventional
solid-state reaction, using the Pmc2; (Li;ODCI) structural model proposed by Howard et
al.?'® and the Fm3m (LiC1)' model. Reflections corresponding to the sample holder were
excluded and are denoted by *. Li;ODCI: a = 3.84719(24) A, b = 3.77582(29) A, ¢ = 7.98632(53)
A, V =116.012(10) A3, phase fraction = 97.73(41)%. LiCl: a = 5.10190(258) A, V = 132.799(201)
A3, phase fraction = 2.27(41)%. x* = 48.20, wR,, = 7.24%, R, = 4.91%.

fractional occupancies and thermal coefficients could not be refined to satis-
factory values. Attempts to refine the atomic coordinates produced an un-
stable refinement and refining the fractional occupancies resulted in values
greater than 1 for several atoms. It was hoped that refining the thermal co-
efficients would improve the fit. As stated earlier, during the XRD analysis,
the thermal motion was treated as isotropic, owing to limitations of the tech-
nique. In some instances, it was reasoned that treating the thermal motion as
isotropic may have resulted in some coefficients being unusally high because,
in reality, the thermal motion is likely to be anisotropic. Hence, determining
anisotropic thermal coefficients will provide a more accurate representation of
the structure. It was hoped that the higher resolution offered by HRPD would
aid in determining anisotropic thermal coefficients. However, attempts to ob-

tain anisotropic thermal coefficients were unsuccessful as many of them were
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extremely large and/or negative. Consequently, the thermal motion had to be
treated as isotropic. Unfortunately, even then sensible values could not be ob-
tained, particularly for Cl, which had a negative (and therefore meaningless)
coefficient. Hence, all thermal coefficients were fixed at 2.5 X 1072 A2. In addi-
tion to this, the thermal coefficients for atoms in the LiCl phase were also fixed
at 2.5 x 1072 A2, as any attempts to refine them resulted in a negative value for
Li. These findings strongly suggest that Pmc2; is not an appropriate model to
describe the structure of Li,OH/DCl at —263 °C (10 K), as very few parameters
could be accurately refined. Finally, the phase fractions obtained suggest that
the sample contains 97.73(41)% Li,ODCI and 2.27(41)% LiCl. However, given

the quality of the fit, these estimates are unlikely to be accurate.

7

The Cmcm model proposed by Howard and co-workers?!” was also

tested and the multiphase refinement completed using the Crncm (Li;ODCI) 2!
and Fm3m (LiCl)'* models is shown in Figure 4.17. The corresponding struc-
tural parameters are detailed in Table 4.10. A x* = 24.04 and wR;, = 5.11% sug-
gest a moderate quality of fit which is much better when compared to the pre-
vious refinement. However, a considerable difference between the observed
and calculated intensities remains. In a similar manner to the previous refine-
ment, this model places calculated intensity where there is no experimental
data (d = 0.88, 0.99, 1.13, 1.33, 1.53, 1.69, 1.73, 1.78 and 1.86 A). An inspection
of the structural parameters obtained shows that, as expected at low temper-
atures, the lattice parameters are slightly shorter than those determined from
the XRD data and those reported in the literature at room temperature.?!” The
atomic coordinates for Li3, O1 and D1, were successfully refined, and the re-
sulting values are in good agreement with those proposed by Howard et al.?!”
Unfortunately, attempts to refine the atomic coordinates for Cl1 were less suc-
cessful, as doing so changed the x = 0.75 coordinate. As x = 0.75 is a special
position, it cannot be altered. Hence, the atomic coordinates for Cl1 were not
refined. Moreover, attempts to refine the fractional occupancies for all atoms
were ineffective, as for most atoms, values greater than 1 were obtained. In a
similar manner to the refinement completed using the Prmc2; model, here too,

the thermal motion had to be treated as isotropic to avoid extremely large and
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Figure 4.17: Rietveld refinement of the NPD data collected at —263 °C (10 K) for 644.97 pA
using the backscattering bank, for a sample of Li,ODCI, synthesised using a conventional
solid-state reaction, using the Cmcm (Li;ODCI) structural model proposed by Howard et
al.?'7 and the Fm3m (LiC1)' model. Reflections corresponding to the sample holder were

excluded and are denoted by *. x? = 24.04, wWR;, =5.11%, Rp = 3.84%.

negative thermal coefficients. Unfortunately, sensible isotropic thermal coef-
ficients could not be obtained as attempts at refinement resulted in negative
coefficients for Lil and Cl1. To avoid this, thermal coefficients for all Li atoms
were constrained to be equivalent. Even then, a sensible value could not be
obtained for Cl1. Hence, all thermal coefficients were fixed at 2.5 x 1072 A2. In
addition to this, the thermal coefficients for atoms in the LiCl phase could not
be refined to reliable values and were also fixed at 2.5 x 1072 A2. Moreover, the
phase fractions obtained suggest the sample contains 90.74(76)% Li,ODCI and
9.26(76)% LiCl. However, these estimates are unlikely to be accurate owing to
the quality of the fit achieved. Additionally, they differ considerably from the
phase fractions determined earlier via the XRD data analysis, where the sam-
ple was found to contain a very small amount of residual LiCl (0.56(3)%). It is
noted that the samples analysed via XRD and NPD were prepared differently.
However, the corresponding XRD patterns are very similar (Figures 4.5 and

4.14). Thus, suggesting a similar sample composition. Overall, considering
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Table 4.10: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected
at —263 °C (10 K) using isotropic thermal coefficients. LiODCIl: space group Cmcm, a
= 7.98809(28) A, b = 7.69451(37) A, ¢ = 7.55219(34) A, V = 464.191(22) A3, phase fraction =
90.74(76)%. LiCl: space group Fm3m, a = 5.10278(116) A, V = 132.868(91) A3, phase fraction
=9.26(76)%. X* = 24.04, wRp = 5.11%, Rp = 3.84%.

Atom X y z Occ. Ul(iso) x 100 (A?)
Lil 0.25 0.25 0 1 2.5
Li2 0 0.5 0 1 2.5
Li3 0 0.1618(41) 0.25 1 2.5
o1 0 0.7522(16)  0.4987(15) 1 25
D1 0 0.8358(9) 0.4092(9) 1 2.5
Cl1 0.75 0.487 0.25 1 2.5

these findings and the quality of the fit achieved, it is evident that the Cmcm
model is a better model when compared to the Pmc2; model. However, it is
not entirely correct and therefore is not adequate for describing the structure

of Li,OH/DCl at —263 °C (10 K).

As stated earlier, Hanghofer and co-workers?!? proposed two differ-
ent models for Li;OHCI in space group Pmmm, one at 300 K and another at 4

K. According to Hanghofer et al.,!°

at 4 K, an additional Li site appears in the
structure. To date, the study reported by Hanghofer et al.?1? is the only one to
suggest the presence of an additional Li site in Li,OHCl at very low tempera-
ture. Hence, to verify this claim, both models proposed in space group Pmmm
at 300 and 4 K were tested using the NPD data acquired at —263 °C (10 K). The
refinements completed using the Pmmm (300 and 4 K) 210 and Fm3m (LiCl)1%°
models are shown in Figure 4.18, and the corresponding structural parameters

are detailed in Table 4.11.

A moderate fit was obtained using the 300 K model with x? = 15.64
and wRp, = 4.11%. All reflections corresponding to Li;ODCI were successfully
indexed. However, the difference between observed and calculated intensities

is significant. As with earlier models, this model places intensity at several
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Figure 4.18: Rietveld refinement of the NPD data collected at —263 °C (10 K) for 644.97 pA

using the backscattering bank, for a sample of Li;ODCI, synthesised using a conventional

solid-state reaction, using the Pmmm (Li,ODC]) structural model proposed at (a) 300 and

(b) 4 K by Hanghofer et al.?® and the Fm3m (LiCl)"* model. Reflections corresponding to

the sample holder were excluded and are denoted by *. (a) x% = 15.64, wR, = 4.11%, Rp =

3.14%. (b) x* = 44.58, R}, = 6.95%, R}, = 4.81%.
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Table 4.11: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected at
—263 °C (10 K) using isotropic thermal coefficients. 300 K model: Li,ODCI: space group
Pmmm, a = 7.55195(25) A, b = 7.98781(21) A, c = 3.84741(12) A, V = 232.090(8) A3, phase
fraction = 99.74(2)%. LiCl: space group Fm3m, a = 5.10086(87) A, V = 132.718(68) A3, phase
fraction = 0.26(2)%. x* = 15.64, wRp = 4.11%, Rp = 3.14%. 4 K model: Li;ODCI: space group
Pmmm, a = 7.54914(53) A, b = 7.98724(44) A, c = 3.84865(24) A, V = 232.061(17) A3, phase
fraction = 99.68(5)%. LiCl: space group Fm3m, a = 5.09942(220) A, V = 132.606(172) A3, phase
fraction = 0.32(5)%. x> = 44.58, WwRp = 6.95%, Rp = 4.81%.

Atom x y z Occ. Uliso) x 100 (A2)

Pmmm

300 K
Lil 0.2446(34) 0 0.5 0.611(14) 2.5
Li2 0.4130(53) 0.5 0.5 0.154(27) 2.5
Li3 0.5 0.1105(83) 0.5 0.126(19) 2.5
Li4 0.2927(23) 0.2449(46) 0 0.258(16) 2.5
0O1 0.2506(18) 0.2485(12) 0.5 0.267(3) 2.5
D1 —0.1555(15) 0.2543(33) 0.3251(32) 0.083(4) 2.5
D2 0.3685(23) —0.2053(19) 0.3714(43) 0.071(4) 2.5
Cl1 0 0 0 0.248(10) 2.5
Cl2 0.5 0 0 0.208(10) 2.5
CI3 0 0.5 0 0.205(10) 2.5
Cl4 0.5 0.5 0 0.212(11) 2.5

Pmmm

4K
Lil 0.2129 0 0.5 0.250 2.5
Li2 0.2261(70) 0.5 0.5 0.250 2.5
Li3 0.5 0.3311(70) 0.5 0.219 2.5
Li4 0.2412(45) 0.2716(53) 0 0.255 2.5
Li5 0 0.3161(87) 0 0.154 2.5
o1 0.2521(19) 0.2518(15) 0.5 0.250 2.5
D1 0.1842(10) 0.3181(9) 0.3595(25) 0.222 2.5
D2 0.3433(10) 0.2684(10) 0.3532(20) 0.222 2.5
Cl1 0 0 0 0.250 2.5
CI2 0.5 0 0 0.250 2.5
CI3 0 0.5 0 0.250 2.5
Cl4 0.5 0.5 0 0.250 2.5
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points where there is no experimental data (d = 0.88, 0.99, 1.83, 1.84 and 1.89
A). An inspection of the structural parameters obtained shows that the lattice
parameters obtained exhibit a slight variation from those reported at 4 K. The
lattice parameter a is much shorter, b is about the same, and c is a little longer
when compared to the parameters reported at 4 K for the Pmmm model (Table
4.3) . It is noted that the model currently being discussed is the one proposed
at 300 K. However, lattice parameters vary with temperature. Hence, they are
compared to those reported at 4 K. Comparing these parameters to those de-
termined at room temperature via the XRD data, it appears that a and b exhibit
a noticeable decrease whilst c exhibits a small increase. Although, the overall
cell volume is observed to decrease significantly with decreasing temperature,

as expected.

The atomic coordinates for Li, O and D atoms were successfully re-
tined, and the values obtained appear to vary from those reported in the litera-
ture (Table 4.3). The fractional occupancies were also refined for all atoms, and
the values obtained indicate the composition of desired phase to be Liz 81401.100-
D1.232Clpgz3. This deviates significantly from the desired composition. It is
also quite different from the composition determined earlier via XRD anal-
ysis using this model (Lij 50200.968H1.216Clo.924) and that initially reported by
Hanghofer and co-workers 210 (Lip 5080,H4.05Clo 5). In hopes of achieving a bet-
ter fit, several attempts were made to refine the thermal coefficients. These
included treating the thermal motion as isotropic, anisotropic, and constrain-
ing the coefficients of like atoms to be equivalent. However, sensible values
could not be obtained in any case. Hence, they were all fixed at 2.5 x 1072 A2
Notably, this was also the case for the XRD refinement completed using this
model (Figure 4.10). Again, suitable thermal coefficients could not be obtained
for atoms in the LiCl phase. Hence, they were also fixed at 2.5 x 1072 A2
Lastly, the phase fractions obtained suggest the sample consists of 99.75(2)%
"Li;ODC1” and 0.26(2)% LiCl. Unfortunately, given the quality of the fit, these
estimates are unlikely to be highly accurate. Overall, the fit obtained is moder-
ate at best, meaning that this model does not accurately describe the structure

of Li,OH/DCl at —263 °C (10 K).
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Interestingly, a significant decrease in the goodness of fit was observed
when using the Pmmm model proposed at 4 K. A x% = 44.58 and wRp, =6.95%
indicate a relatively poor fit. Inspection of the tick marks denoting possible re-
flections indicates that all reflections are indexed using this model. However,
not all reflections have been fitted. Moreover, there is a substantial difference
in the observed and calculated intensity for many of the reflections. The struc-
tural parameters obtained show that most atomic coordinates were refined
successfully and a majority of them differ significantly from those reported.
However, the atomic coordinates for Lil could not be refined as attempts to do
so produced an unstable refinement. Unfortunately, the fractional occupancies
could not be refined to sensible values and any attempts to do so consistently
resulted in a negative fractional occupancy value for Li5. Hence, the exact
composition of the desired phase could not be determined. As stated earlier,
the fractional occupancies reported by Hanghofer and co-workers, used dur-
ing the refinement, correspond to a sample composition of Lij 766OH3552Cl,
which deviates from the desired LiOHCI composition. Hence, a poor fit is
to be expected when using these values. Moreover, any attempts to refine the
isotropic and anisotropic thermal coefficients resulted in multiple negative val-
ues. Hence, the thermal motion was treated as isotropic and all coefficients
were all fixed at 2.5 x 1072 A2, Additionally, the phase fractions obtained
suggest that the sample is composed of 99.68(5)% “Li,ODC1” and 0.32(5)%
LiCl. These phase fractions are very similar to those obtained using the Pmmm
model proposed at 300 K, despite a poorer fit. Considering the refinements
completed using both Pmmm models, it is apparent that neither model is fully
correct. Though, the Pmmm model proposed at 300 K provides a better fit. Ad-
ditionally, the inability to refine the fractional occupancies for the 4 K without
a negative value for Li5 suggests that an additional Li site may not be present

in Li;OH/DCl at —263 °C (10 K).

Earlier, the crystallographic details reported by Hanghofer and co-
workers?!¥ for the Pban models were demonstrated to be incorrect as they did
not comply with the guidelines specified in the International Tables for Crys-

tallography.??Y Hence, the models reported were edited, and the new models
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provided an excellent fit for the XRD data, especially the new Pban model at
300 K, which resulted in the best fit out of all of the models evaluated in the
current study. The new Pban models have also been tested using the NPD data
acquired at —263 °C (10 K), and the refinements completed using these models
(in conjunction with the Fm3m (LiCl) model'®®) are shown in Figure 4.19, and

the corresponding structural parameters are detailed in Table 4.12.

Surprisingly, the fit obtained using the new Pban 300 K model is not
as good as initially hoped. In fact, it is relatively poor with a x? = 24.00 and
wRp = 5.10%. An inspection of the refinement shows that all reflections were
successfully indexed. However, in some instances, the model placed inten-
sity where there was no experimental data (d = 0.95, 1.11, 1.28, 1.31, 1.36, 1.43,
1.77 and 1.89 A). Additionally, there is a considerable difference between the
observed and calculated intensities, particularly at smaller d-spacings. The
corresponding structural parameters show that the lattice parameters a and b
exhibit a decrease, and the lattice parameter ¢ exhibits a slight increase when
compared to those obtained from the XRD data and those reported in the lit-
erature at 300 K.210 As expected, the overall cell volume decreases. As stated
earlier, Hanghofer et al.?!% did not report any lattice parameters for the Pban
model at 4 K. Hence, a direct comparison was not possible. As for the atomic
coordinates, all of them were successfully refined. The resulting values are ob-
served to vary significantly from those originally reported. However, this may
be due to a difference in temperature as this diffraction pattern was collected
at =263 °C (10 K). Also, there is a large error in some cases, suggesting that the
values determined may not be as reliable. In a similar manner to the Rietveld
analysis completed for the XRD data using this model, here too, the fractional
occupancies for O and Cl atoms were fixed at 0.25, and those for Li and D were
allowed to refine freely. The values obtained differ from those determined us-
ing the XRD data and correspond to a composition of Lisg71OD1.416Cl. This
formula is not charge-balanced and deviates from the intended composition
of Li;ODCI, whereas the XRD data analysis had suggested a composition of
Li1.9240H;1 616Cl which is much closer to Li,OHCI. Moreover, all isotropic ther-

mal coefficients, including those for atoms in the LiCl phase, were fixed at 2.5
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Figure 4.19: Rietveld refinement of the NPD data collected at —263 °C (10 K) for 644.97 pA

using the backscattering bank, for a sample of Li,ODCI, synthesised using a conventional

solid-state reaction, using the Pban (Li,ODCI) structural model adapted from that proposed
at (a) 300 and (b) 4 K by Hanghofer et al.?'? and the Fm3m (LiCl)'*® model. Reflections

corresponding to the sample holder were excluded and are denoted by *. (a) x* = 24.00, wR,
=5.10%, R = 3.73%. (b) x* = 16.12, wR;, = 4.17%, R;, = 3.19%.
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Table 4.12: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected at
—263 °C (10 K) using isotropic thermal coefficients. 300 K model: Li,ODCI: space group
Pban, a =7.55205(30) A, b = 7.98817(26) A, c = 3.84722(15) A, V = 232.091(9) A3, phase fraction
=99.69(3)%. LiCl: space group Fm3m, a = 5.10091(99) A, V = 132.722(77) A3, phase fraction
= 0.31(3)%. x? = 24.00, wRp = 5.10%, Rp = 3.73%. 4 K model: Li,ODCI: space group Pban,
a = 7.55226(26) A, b = 7.98783(22) A, ¢ = 3.84734(13) A, V = 232.095(8) A3, phase fraction =
99.70(2)%. LiCl: space group Fm3m, a = 5.10092(91) A, V = 132.723(71) A3, phase fraction =
0.30(2)%. x2 = 16.12, wRp = 4.17%, Rp = 3.19%.

Atom x y z Occ. Uliso) x 100 (A?)

Pban

300 K
Lil —0.0326(17) 0.25 0 0.388(12) 2.5
Li2 0.25 ~0.2511(393) 0 0.077(12) 25
Li3 0.0592(22) 0.0227(47)  0.5108(120)  0.129(10) 25
01 0 0 0 0.250 2.5
D1 0.1153(24) 0.0539(16) 0.1203(39) 0.078(4) 2.5
D2 0.0885(15) 0.4995(31) 0.1923(32)  0.100(3) 25
Cl1 0.25 0.25 0.5 0.250 25
Cl2 0.75 0.25 0.5 0.250 2.5

Pban

4K
Lil 0.0214(25) 0.25 0 0.338(11) 25
Li2 0.25 0.1300(95) 0 0.062(11) 2.5
Li3 0.0564(16) 0.0062(71)  0.5127(106)  0.142(8) 25
Li4 0.25 0.75 0 0.108(18) 2.5
01 0 0 0 0.250 2.5
D1 0.0922(15) —0.0021(30) 0.1755(34) 0.092(3) 2.5
D2 0.1198(26) 0.4510(18) 0.1350(54) 0.063(4) 2.5
Cl1 0.25 0.25 0.5 0.250 2.5
Cl2 0.75 0.25 0.5 0.250 25

x 1072 A? as it was not possible to obtain sensible values. Any attempts to
refine them resulted in several negative values, especially for the Cl atoms. As
for the composition of the sample, the refined phase fractions suggest it con-

tains 99.69(3)% “Li,ODC1” and 0.21(3)% LiCl. However, the quality of the fit
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obtained means that these values may not be exact.

Although this model provided an excellent fit for the room tempera-
ture laboratory XRD data, it does not appear to be suitable for describing the
structure of Li;OH/DCl at —263 °C (10 K). This may be due to several rea-
sons. For example, the structure of Li,OH/DCI at very low temperatures may
be different from that at room temperature, e.g., there may be an additional
Li site present as claimed by Hanghofer and co-workers.?!? Another factor to
consider is the relative resolution of the two diffraction techniques, laboratory
XRD and NPD at HRPD. As mentioned previously, NPD offers considerably
better resolution when compared to laboratory XRD. Hence, it is possible that
the proposed Pban model is very close to the actual structure of LiOHCl but is
not entirely correct. Therefore, it provides a good fit for the XRD data where it
is challenging to detect light elements but provides a less good fit for the NPD

data where these atoms are more easily detected.

Lastly, the new Pban model adapted from the one proposed at 4 K by

1.210 was also tested to determine whether there is indeed an

Hanghofer et a
additional Li site present at low temperatures. It appears that the inclusion
of an additional Li site significantly improves the goodness of fit (x> = 16.12
and wRp = 4.17%). As with the Pban 300 K model, here too, all reflections
have been indexed, and the difference between observed and calculated in-
tensities has somewhat decreased. However, this model also places intensity
where no experimental data exists (d = 1.43, 1.83 and 1.89 A). The lattice pa-
rameters obtained are very similar to those obtained using the new Pban 300 K
model. The structural parameters obtained show that the atomic coordinates
for Li and D atoms were successfully refined, and they appear to vary consid-
erably from those reported by Hanghofer et al.?1 Additionally, the fractional
occupancies for Li and D were refined, and the values obtained correspond
to a composition of Lip 9500H1 24oCl. Again, this differs significantly from the
intended composition and that obtained via the XRD data analysis completed
using this model (Liz 030H; 632Cl). As with the previous refinement completed
using the new Pban 300 K model, the thermal coefficients could not be re-

fined, as any attempts to do so produced negative values for several atoms.
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Finally, the phase fractions obtained suggest the sample consists of 99.70(2)%
of the desired phase and 0.30(2)% LiCl. Unfortunately, neither of the new Pban
models provide a particularly good fit for the NPD data acquired at —263 °C
(10 K). Therefore, it is unclear from the data presented whether the structure
of Li,OH/DCI at —263 °C (10 K) actually differs from the room-temperature
structure. Thus, making it difficult to ascertain the presence of an additional

Li site.

The Room-Temperature Phase of Li,OH/DCl

The Li;ODCI sample was also analysed at 20 °C via NPD to further
investigate the room-temperature phase of Li,OH/DCl. As stated earlier, the
synthetic method used to produce this sample resulted in a mixture of phases.
At 20 °C, the sample appears to be composed of the room-temperature phase of
LiOH/DCI, the high-temperature cubic (Pm3m) phase of Li;OH/DCI, resid-
ual LiCl and an unidentified impurity. All refinements completed using the
NPD data recorded at 20 °C are done so using a candidate orthorhombic model,
the Pm3m (Li;ODCI)?!% and Fm3m (LiCl)'* models. The impurity phase has
not been included as it is currently unknown. However, it is hoped that this
will not cause any significant issues, as the impurity phase is present in a very

small quantity.

Initially, the Pmc2; model proposed by Howard et al.?'® was tested,
and a multiphase refinement was completed using the Pmc2; (Li;ODCI),?¢
Pm3m (LiODC1)210 and Fm3m (LiCl)'* models (Figure 4.20). The fit obtained
appears to be much improved (x* = 10.94 and wR;, = 4.81%) when compared
to the refinement completed at —263 °C (10 K) using the Pmc2; model (Figure
4.16). However, a significant mismatch between the observed and calculated
intensities remains. Additionally, the model places calculated intensity where
there is no experimental data (d = 0.74, 0.82, 1.07, 1.09, 1.11, 1.17, 1.45, 1.48,
1.68,1.69,1.77 and 1.90 A). The lattice parameters obtained are similar to those
determined earlier via the XRD data analysis (Figure 4.8), which were noted to

differ slightly from those reported in the literature.?'® As with the refinement

completed for the NPD data acquired at —263 °C (10 K) using this model, here
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Figure 4.20: Rietveld refinement of the NPD data collected at 20 °C for 322.89 uA us-
ing the backscattering bank, for a sample of Li,ODCI, synthesised using a conventional
solid-state reaction, using the Pmc2; (Li;ODCI]) structural model proposed by Howard et
al.,1% the Pm3m (Li,ODCI)?"° and Fm3m (LiC1)'® models. Reflections corresponding to
the sample holder were excluded and are denoted by *. Li,ODCI: space group: Pmc2,,
a = 3.87482(18) A, b = 3.82568(22) A, ¢ = 7.99624(39) A, V = 118.535(8) A3, phase fraction =
82.50(101)%. Li;,ODCI: space group: Pm3m, a = 3.90645(68) A, V = 59.614(31) A3, phase frac-
tion = 15.41(97)%. LiCl: a = 5.14384(187) A, V = 136.101(148) A3, phase fraction = 2.09(33)%.
X2 = 10.94, WR,, = 4.81%, R, = 3.91%.

too, sensible values could not be obtained for the atomic coordinates and frac-
tional occupancies. Attempts to refine atomic coordinates produced an unsta-
ble refinement, whereas refining the fractional occupancies resulted in values
greater than 1. Once again, the thermal motion had to be treated as isotropic
to avoid extremely large and negative values. Even then, it was difficult to
obtain sensible thermal coefficients as any attempts at refinement consistently
produced a negative coefficient for Cl. Hence, all thermal coefficients were
fixed at 2.5 x 1072 A2, Moreover, the lattice parameter obtained for the Pm3m
phase is in good agreement with the values reported in the literature.?!9213
However, structural parameters such as the atomic coordinates for D, the frac-

tional occupancies for Li and D and the thermal coefficients for all atoms, could

not be refined to sensible values. Additionally, the thermal coefficients for the

181



LiCl phase could not be refined, as attempts to do so resulted in a negative
value for Li. Hence, the thermal coefficients for all atoms in the Pm3m and
LiCl phase were fixed at 2.5 x 1072 A2. Lastly, the phase fractions obtained
suggest the sample contains 82.50(101)% Pmc2; phase, 15.41(97)% Pm3m phase
and 2.09(33)% LiCl phase. However, these phase fractions are unlikely to be
completely accurate owing to the quality of the fit obtained. Overall, this re-
finement strongly suggests that the Pmc2; model is not a good candidate for

describing the structure of the room-temperature phase of Li;OH/DCL

1.217 was also tested, and a

The Cmcm model proposed by Howard et a
multiphase refinement completed using the Cmcm (LiODCI),?"” Pm3m (Li,OD-
C1),21% and Fm3m (LiC1)'*° models is shown in Figure 4.21. The corresponding
structural parameters are listed in Table 4.13. A x* =3.33 and wR;, = 2.66% sug-
gest that the quality of fit obtained is much better than that obtained using the
Pmc2; model. All peaks are successfully indexed, and the observed and calcu-
lated intensities appear to match reasonably well. However, in some instances,
the model places intensities where there is no experimental data (d = 0.82, 0.95,
1.01, 1.48, 1.54, 1.70, 1.79 and 1.88 A). Thus, suggesting that the fit may not be
as good as initially believed. Inspection of the structural parameters obtained
indicates that, in this case, most parameters could be refined to satisfactory
values. The lattice parameters obtained are similar to those determined earlier
via the XRD data and in reasonable agreement with those reported in the lit-
erature.?!” The atomic coordinates obtained are also in good agreement with
those reported in the literature.?!” However, the coordinates for Cl1 could not
be refined as attempts to do so changed the x = 0.75 coordinate. As 0.75 is a
special position, it cannot be changed. Hence, the atomic coordinates for Cl1
were not be refined. Additionally, attempts to refine the fractional occupancies
resulted in values greater than 1 for most atoms. So, they were all fixed at 1.
As with the earlier refinements, it was not possible to determine anisotropic
thermal coefficients. Hence, the thermal motion was treated as isotropic to ob-
tain somewhat reasonable thermal coefficients. The thermal coefficients for O
and D were constrained to be equivalent to avoid unreasonable values. No-

tably, the values obtained are better than those determined using the labora-
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Figure 4.21: Rietveld refinement of the NPD data collected at 20 °C for 322.89 pA using the
backscattering bank, for a sample of Li,ODCI, synthesised using a conventional solid-state
reaction, using the Cmcem (Li;ODCI) structural model proposed by Howard et al.,?1” the
Pm3m (Li;ODC1) 2! and Fm3m (LiC1)* models. Reflections corresponding to the sample
holder were excluded and are denoted by *. x? = 3.33, WR;, =2.66%, Rp = 2.02%.

tory XRD data. However, the thermal coefficient corresponding to Li2 is quite
large. As for the Pm3m phase, the lattice parameter is similar to the one deter-
mined via the previous refinement. Additionally, the atomic coordinates for D
were also refined. However, the coordinates obtained (x =y = z = 0.1691(106))
differ significantly from those reported by Hanghofer et al. (x =y =z = 0.1279)
for a similar composition (Li1,34OH1.16C1).210 In order to determine the exact
composition of the Pm3m phase, refinement of the fractional occupancies for
Li and D atoms was attempted. However, sensible values could not be ob-
tained, especially for D which had a negative occupancy value. In addition to
this, attempts to refine the thermal coefficients for the Pm3m and LiCl phase
were unsuccessful, as numerous negative values were obtained. Hence, they
were all fixed at 2.5 x 1072 A2. Finally, phase fractions were also refined to de-
termine the precise composition of the sample. The sample appears to contain
51.00(15)% Cmcm phase, 43.19(11)% Pm3m phase and 5.81(51)% LiCl. How-

ever, given the quality of fit obtained these phase fractions are unlikely to be
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Table 4.13: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected at
20 °C using isotropic thermal coefficients. Li;ODCI: space group Cmcm, a = 7.99770(16) A, b
=7.75022(21) A, ¢ = 7.65125(20) A, V = 474.255(13) A3, phase fraction = 51.00(105)%. Li,ODCI:
space group Pm3m, a = 3.90572(35) A, V = 59.580(16) A3, phase fraction = 43.19(113)%. LiCl:
space group Fm3m, a = 5.14401(93) A, V = 136.115(73) A3, phase fraction = 5.81(51)%. x> =
3.33, wRp = 2.66%, Rp = 2.02%.

Atom X y z Occ. Uliso) x 100 (A2?)
Cmcm
Lil 0.25 0.25 0 1 0.97(20)
Li2 0 0.5 0 1 6.64(94)
Li3 0 0.1767(42) 0.25 1 3.86(78)
o1 0 0.7459(14) 0.5017(13) 1 1.71(9)
D1 0 0.8207(6) 0.4219(7) 1 1.71(9)
Cl1 0.75 0.487 0.25 1 0.21(5)
Pm3m
Lil 0.5 0 0 0.667 2.5
o1 0 0 0 1 2.5
D1 0.1691(106) 0.1691(106) 0.1691(106) 0.125 2.5
Cl1 0.5 0.5 0.5 1 2.5

exact and the true sample composition will likely vary. Overall, the Cmcm
model provides a fairly good fit for the data, making it a very likely candidate
structure for the room-temperature phase of Li,OH/DCl. However, the model
does not appear to be entirely correct as some structural parameters could not

be refined to reasonable values.

The Pmmm models proposed by Hanghofer and co-workers?!¥ at 300
and 4 K were also tested, and the refinements completed using the Pmmm
(Li,ODCI),21° Pm3m (Li;ODC)2 and Fm3m (LiCl)!*° models are shown in
Figure 4.22. The corresponding structural parameters are listed in Table 4.14.
The fit obtained using the 300 K model appears to be quite good with a x? =
1.74 and wR;, = 1.91%. It is noticed that the goodness of fit obtained is much
higher when compared to that obtained for the —263 °C (10 K) data with the

same model. Almost all reflections have been indexed, and the calculated
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and observed peak intensities appear to match quite well. An inspection of
the structural parameters obtained shows that the lattice parameters for the
Pmmm phase are similar to those determined earlier via the XRD analysis (Fig-
ure 4.10) and in good agreement with those reported in the literature.?'® More-
over, the atomic coordinates for all Li and D atoms were successfully refined,
and the coordinates obtained are largely in agreement with those reported by
Hanghofer et al.?!? However, the coordinates determined for Li2 appear to de-
viate from those reported. The structure generated using the refined atomic co-
ordinates is shown in Figure 4.23. Also shown for comparison is the structure
initially proposed by Hanghofer et al.?! Overall, the refined structure does
not exhibit much change. However, the positions of the Li2 and Li3 atoms
(labelled in the Figure) have shifted considerably. Additionally, the deuterons
have also changed their orientation. Moreover, the fractional occupancies dif-
fer drastically from those reported and those determined earlier using the XRD
data. The fractional occupancies determined here indicate a composition of
Lis 2801 548D1.528Cly 518. Notably, this formula is not quite charge-balanced and
deviates from the intended composition. Isotropic thermal coefficients were
also determined. The coefficients corresponding to O1, D1 and D2 and all CI
atoms were constrained to be equivalent, whereas the thermal coefficients for
all Li atoms could be refined freely. In general, the coefficients obtained ap-
pear to be quite reasonable, except for Li4, where an unusually large value is
obtained. Also the coefficient for Lil is quite small and has an error larger than
the coefficient itself. Unfortunately, for the Pm3m phase, parameters such as
the atomic coordinates, fractional occupancies and thermal coefficients could
not be refined to reasonable values. The atomic coordinates for D consistently
alternated between two very different values. A negative fractional occupancy
was determined for Li whereas for D it was >1. Also, the thermal coefficients
for O and D returned negative values. Hence, thermal coefficients for all atoms
in the Pm3m phase were fixed at 2.5 x 1072 A2, This was also done for the LiCl
phase to avoid a negative value for Li. Furthermore, the phase fractions ob-
tained suggest the sample contains 93.35(18)% Pmmm phase, 5.70(17)% Pm3m
phase and 0.95(5)% LiCl phase. These values appear to be more reasonable
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Figure 4.22: Rietveld refinement of the NPD data collected at 20 °C for 322.89 pA using
the backscattering bank, for a sample of Li,ODCI, synthesised using a conventional solid-
state reaction, using the Pmmm (Li;ODCI) structural model proposed at (a) 300 and (b) 4
K by Hanghofer et al.,?'0 the Pm3m (Li;ODC1)2'® and Fm3m (LiC1)"® models. Reflections

corresponding to the sample holder were excluded and are denoted by *. (a) x> = 1.74, wR,,

=1.91%, Rp = 1.56%. (b) x> = 1.67, wR, = 1.88%, R, = 1.54%.
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Table 4.14: Structural parameters for a sample of Li,ODCI, synthesised using a conven-

tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected

at 20 °C using isotropic thermal coefficients. 300 K model: LiODCI: space group Pmmim,
a = 7.75004(14) A, b = 7.99781(11) A, c = 3.82553(7) A, V = 237.119(4) A3, phase fraction =
93.35(18)%. Li,ODCI: space group Pm3m, a = 3.90591(26) A, V = 59.589(12) A3, phase frac-
tion = 5.70(17)%. LiCl: space group Fm3m, a = 5.14337(56) A, V = 136.064(44) A3, phase
fraction = 0.95(5)%. x2 = 1.74, wRp = 1.91%, Rp = 1.56%. 4 K model: Li,ODCI: space group
Pmmm, a = 7.74992(14) A, b = 7.99789(11) A, ¢ = 3.82551(7) A, V = 237.116(4) A3, phase frac-
tion = 97.53(8)%. Li,ODCI: space group Pm3m, a = 3.90557(26) A, V = 59.573(12) A3, phase
fraction = 2.12(8)%. LiCl: space group Fm3m, a = 5.14320(56) A, V = 136.050(44) A3, phase

fraction = 0.35(2)%. x? = 1.67, wRp = 1.88%, Rp = 1.54%.

Atom X y z Occ. Ul(iso) x 100 (A?)

Pmmm

300 K
Lil 0.2421(46) 0 0.5 0.397(75) 0.63(105)
Li2 0.2214(35) 0.5 0.5 0.524(99) 2.15(128)
Li3 0.5 0.2375(111) 0.5 0.276(59) 3.80(168)
Li4 0.3205(19) 0.2475(62) 0 0.466(57) 5.95(100)
o1 02439(13)  0.2527(16) 05 0.387(10) 0.81(15)
D1 0.1638(13) 0.2663(16) 0.3330(27) 0.118(6) 0.81(15)
D2 0.2979(22) 0.2580(34)  0.3769(48)  0.073(5) 0.81(15)
c 0 0 0 0.252(14) 0.26(6)
Cl2 0.5 0 0 0.408(16) 0.26(6)
ClI3 0 0.5 0 0.546(13) 0.26(6)
Cl4 05 0.5 0 0.312(15) 0.26(6)

Pmmm

4K
Lil 0.2169(83) 0 0.5 0.158(34) 2.49(33)
Li2 0.2636(40) 0.5 0.5 0.480(36) 2.49(33)
Li3 05 0.2492(170) 0.5 0.127(13) 2.49(33)
Li4 0.3238(20) 0.2541(74) 0 0.127(13) 2.49(33)
Li5 0 0.0709(33) 0 0.314(25) 2.49(33)
o1 0.2497(19) 0.2503(15) 0.5 0.25 1.06(8)
D1 0.1802(16) 02232(16)  03180(32)  0.067(3) 1.06(8)
D2 0.3364(20) 02529(51)  03711(41)  0.045(3) 1.06(8)
Cl1 0 0 0 0.25 0.83(5)
cnr 05 0 0 0.25 0.83(5)
cBB 0 0.5 0 0.25 0.83(5)
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Cl4 0.5 0.5 0 0.25 0.83(5)

Pm3m
Lil 0.5 0 0 0.667 25
o1 0 0 0 1 2.5
D1 0.1512(82) 0.1512(82) 0.1512(82) 0.125 25
cl1 0.5 0.5 0.5 1 2.5

than those obtained from the refinement completed using the Cmcm model
(Figure 4.21). Overall, the Pmmm model proposed at 300 K appears to pro-
vide a good fit. However, the structural parameters obtained indicate that the
model is not fully correct. For example, the composition determined deviates
from LiODCI, and the thermal coefficients had to be severely constrained to
obtain somewhat reasonable values. Hence, this model is likely to be close to
the true structure of the room-temperature phase of Li,OHCl, but it is not fully

correct.

A good fit was also obtained with the Pmmm model proposed at 4 K?1°
(Figure 4.22(b)). A x* = 1.67 and wR;, = 1.88% suggest a marginally better fit
than that obtained using the 300 K model. All reflections have been indexed,
with little difference between the observed and calculated intensities. As ex-
pected, the lattice parameters obtained are very similar to those obtained us-
ing the 300 K model. The refined atomic coordinates for all Li and D atoms
appear to be in agreement with those originally reported in the literature,?'°
except for Li5 which differs significantly. Again, the proposed and refined
structures are shown in Figure 4.23 for ease of comparison. For this model,
the fractional occupancies could not be refined freely for all atoms, as doing so
produced an unstable refinement. Hence, the fractional occupancies for O and
D were fixed at 0.25 to reflect the composition “Li,ODC1”. The fractional oc-
cupancies obtained for the Li and D atoms appear to differ significantly from
those obtained via the XRD data and the NPD data acquired at —263 °C (10
K). The values obtained indicate a composition of Liy 850D g96Cl, quite dif-
ferent from the intended composition. In order to obtain somewhat reasonable

thermal coefficients, multiple constraints were required. The coefficients for
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Figure 4.23: The structure of Li,OHCI in space group Pmmm proposed by Hanghofer and
co-workers?!? at (a) 300 and (c) 4 K. Also, shown is the refined structure of Li;ODCI in space
group Pmmm obtained via Rietveld analysis of the NPD data acquired at 20 °C during the
current study using the (b) 300 and (d) 4 K models.

all like atoms and O and D were constrained to be equivalent. The resulting
coefficients, however, seem quite sensible. For the Pm3m phase, the atomic
coordinates obtained for D are quite different from those reported in the liter-
ature.?!? Additionally, the fractional occupancies and thermal coefficients for
the Pm3m phase could not be refined to sensible values. The thermal coeffi-
cients for atoms in the LiCl phase could not be refined either. Therefore, ther-
mal coefficients for all atoms in the Pm3m and LiCl phase were fixed at 2.5 x
1072 A2. Lastly, the phase fractions obtained suggest the sample is composed
of 97.53(8)% Pmmm phase, 2.12(8)% Pm3m phase and 0.35(2)% LiCl phase. It
is noted that these phase fractions vary significantly from those determined
earlier using the 300 K model. Overall, the model appears to provide a reason-
able fit. However, in a similar manner to the Pmmm model proposed at 300K,
it does not appear to be fully correct. Thus, it is challenging to confirm the

presence or lack of an additional Li site within the structure.
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Lastly, the new Pban models adapted from those proposed by Hang-

hofer and co-workers?210

ments completed using the Pban (Li;ODCI), Pm3m (Li,ODC1)2Y and Fm3m

at 300 and 4 K were also tested. Multiphase refine-

(LiC1)' models are shown in Figure 4.24. The corresponding structural pa-
rameters are detailed in Table 4.15. A very good fit is obtained using the 300
K model with a x> = 1.83 and WRp = 1.96%. All reflections have been success-
fully indexed, and a relatively good match is achieved between the observed
and calculated intensities. The lattice parameters obtained for the Pban phase
are similar to those obtained earlier via XRD analysis and are in agreement
with those reported in the literature.?!® Compared to the lattice parameters
determined at —263 °C (10 K), the lattice parameter a exhibits an increase, b
remains similar, and ¢ decreases. The overall cell volume increases with in-
creasing temperature. The atomic coordinates were successfully refined for the
Pban phase, and the coordinates obtained exhibit a noticeable difference from
those initially reported.?!? As such, the proposed and refined structures are
shown in Figure 4.25 for comparison, where the difference between them can
be clearly seen. As with the earlier refinements completed using this model,
the fractional occupancies for O and Cl were fixed at 0.25, and those for Li and
D were refined freely. The occupancies obtained differ somewhat from those
determined from the XRD data. The desired phase is suggested to have a com-
position of Lij 500D1.216Cl, which is not charge-balanced and deviates from
Li;ODCI. Here too, only isotropic thermal coefficients could be determined
and to avoid negative and extremely large values, the coefficients for the Li, D
and Cl atoms had to be constrained to be equivalent. The resulting coefficients
obtained appear to be quite reasonable. For the Pm3m phase, the atomic co-
ordinates for D were successfully refined. Although, the coordinates obtained
are different from those reported in the literature.?!? Conversely, the fractional
occupancies and thermal coefficients could not be refined for any of the atoms
in this phase. The thermal coefficients for atoms in the LiCl phase could not be
refined either. Hence, thermal coefficients for all atoms in the Pm3m and LiCl
phase were fixed at 2.5 x 1072 A2, Lastly, the phase fractions obtained indi-
cate that the sample contains 96.89(10)% the Pban phase, 2.68(10)% Pm3m and
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Figure 4.24: Rietveld refinement of the NPD data collected at 20 °C for 322.89 nA using the
backscattering bank, for a sample of Li;ODCI, synthesised using a conventional solid-state
reaction, using the Pban (LiODC]) structural model adapted from those proposed at (a)
300 and (b) 4 K by Hanghofer et al.,?'° the Pm3m (Li;ODC1)?'° and Fm3m (LiCl)'*® models.
Reflections corresponding to the sample holder were excluded and are denoted by *. (a) x>

=1.83, wR,, = 1.96%, R, = 1.58%. (b) x* = 1.77, WR,, = 1.93%, R;, = 1.59%.
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Table 4.15: Structural parameters for a sample of Li,ODCI, synthesised using a conven-

tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected

at 20 °C using isotropic thermal coefficients. 300 K model: Li,ODCI: space group Pban,
a = 7.75000(14) A, b = 7.99780(11) A, c = 3.82554(7) A, V = 237.118(5) A3, phase fraction =
96.89(10)%. Li,ODCI: space group Pm3m, a = 3.90604(25) A, V = 59.595(12) A3, phase frac-
tion = 2.68(10)%. LiCl: space group Fm3m, a = 5.14333(57) A, V = 136.061(45) A3, phase
fraction = 0.43(2)%. x2 = 1.83, wRp = 1.96%, Rp = 1.58%. 4 K model: Li,ODCI: space group
Pban, a = 7.74999(14) A, b = 7.99783(10) A, ¢ = 3.82550(7) A, V = 237.116(5) A3, phase frac-
tion = 96.94(10)%. Li,ODCI: space group Pm3m, a = 3.90599(25) A, V = 59.593(11) A3, phase
fraction = 2.66(10)%. LiCl: space group Fm3m, a = 5.14339(57) A, V = 136.066(45) A3, phase
fraction = 0.41(2)%. x* = 1.77, wRp = 1.93%, Rp = 1.59%.

Atom X y z Occ. Ul(iso) x 100 (A2?)

Pban

300 K
Lil 0.0237(15) 0.25 0 0.366(17) 2.38(34)
Li2 0.25 —0.0118(325) 0 0.063(7) 2.38(34)
Li3 0.0737(18) ~0.019242)  04972(177)  0.117(9) 2.38(34)
o1 0 0 0 0.25 0.65(7)
DI 0.0812(13) 0.0145(19) 0.1607(30)  0.106(5) 2.52(26)
D2 0.0502(23) 0.4975(75) 0.1203(56) 0.053(4) 2.52(26)
Cl1 0.25 0.25 0.5 0.25 0.33(5)
Cl2 0.75 0.25 0.5 0.25 0.33(5)

Pm3m
Lil 0.5 0 0 0.667 2.5
01 0 0 0 1 2.5
D1 0.1469(71) 0.1469(71) 0.1469(71) 0.125 25
Cl1 0.5 0.5 0.5 1 2.5

Pban

4K
Lil 0.0234(15) 0.25 0 0.355(17) 2.01(35)
Li2 0.25 ~0.0117(343) 0 0.052(7) 2.01(35)
Li3 0.0824(24) _0.0185(47)  0.4886(211)  0.106(10) 2.01(35)
Lid 0.25 0.75 0 0.060(14) 2.01(35)
o1 0 0 0 0.25 0.46(7)
D1 0.0706(32) 0.0044(63) 0.1372(51)  0.098(11) 3.12(79)
D2 0.0736(50) 0.4838(56) 0.1699(78)  0.060(10) 3.12(139)
Cl1 0.25 0.25 0.5 0.25 0.77(22)
Cl2 0.75 0.25 0.5 0.25 0.33(18)
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Pm3m

Lil 0.5 0 0 0.667 2.5
01 0 0 0 1 25
D1 0.1542(82) 0.1542(82) 0.1542(82) 0.125 25
cl1 0.5 0.5 0.5 1 25

0.43(2)% LiCl phase. In general, the new Pban 300 K model provides a good
fit for the NPD data recorded at 20 °C. However, not being able to refine the
thermal coefficients freely suggests that the fit may not be as good as it first ap-
pears. Hence, the model may not be fully accurate, which is surprising given

that this model provided the best fit for the XRD data (Figure 4.11).

The new Pban 4 K model also provides a very good fit with a x> = 1.77
and wRp, = 1.93% (Figure 4.24(b)). Again, all reflections are indexed, and the
calculated and observed intensities appear to match quite well. As expected,
the lattice parameters obtained are very similar to those obtained using the 300
Kmodel. The atomic coordinates for Li and D atoms were successfully refined,
and the values obtained generally agree with those reported by Hanghofer et
al.210 However, the coordinates for Li3 are observed to differ noticeably. Hence,
the proposed and refined structure are shown in Figure 4.25 for comparison.
As with the Pban 300 K model, the fractional occupancies for the O and Cl
atoms were fixed at 0.25 and, those for the Li and D atoms were refined freely.
The occupancy values obtained differ significantly from those obtained from
the XRD analysis and suggest a composition of Liy5780D1264Cl. Again, the
formula obtained is not charge-balanced and deviates from the intended com-
position of Li;ODCl. Here too, only isotropic thermal coefficients could be
obtained, and even then, the coefficients for the Li atoms had to be constrained
to be equivalent to avoid negative values. Overall, the values obtained seem
quite typical for diffraction data acquired close to room temperature. For the
Pm3m phase, the atomic coordinates for D were successfully refined. However,
again, the coordinates obtained differ from those reported.?!? As with the ear-
lier refinements, the fractional occupancies for Li and D could not be refined to

sensible values. Moreover, the thermal coefficients for all atoms in the Pm3m
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Figure 4.25: The structure of Li,OHCI in space group Pban adapted from the models pro-
posed by Hanghofer and co-workers?!? at (a) 300 and (c) 4 K. Also, shown is the refined
structure of Li,ODCI in space group Pban obtained via Rietveld analysis of the NPD data
acquired at 20 °C during the current study using the (b) 300 and (d) 4 K models.

and LiCl phases had to be fixed at 2.5 x 1072 A? as suitable values could not
be obtained. Lastly, the phase fractions obtained suggest the sample contains
96.94(10)% Pban phase, 2.66(10)% Pm3m phase and 0.41(2)% LiCl phase. These
ratios are very similar to those determined via the earlier refinement using the
Pban 300 K model. Overall, the fit appears to be quite good. Thus, suggesting
that Li,OH/DCl very likely exists in an orthorhombic structure in space group
Pban at room temperature. However, it is difficult to establish the presence
of an additional Li site from the current data. Hence, the precise structure of

Li,OH/DCI at room temperature remains to be confirmed.

The High-Temperature Cubic Phase of Li,OH/DCl

Finally, the NPD patterns acquired at 50 and 150 °C were analysed to
investigate the high-temperature cubic (Pm3m) phase of Li,OH/DCl. Multi-
phase refinements completed using the Pm3m (Li,ODC1) 210 and Fm3m (LiC1)'%
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models are shown in Figure 4.26. The corresponding structural parameters are
detailed in Table 4.16. A reasonable fit is obtained for the NPD data acquired at
50 °C (x> = 4.45 and wRp =3.08%). All reflections have been indexed. However,
for some of the reflections, the calculated intensity does not match well with
that observed. Inspection of the structural parameters obtained shows that the
lattice parameter obtained is in agreement with the value reported in the liter-
ature for this phase at ~50 °C.2!? The atomic coordinates for D were success-
fully refined and are very similar to those originally reported by Hanghofer
and co-workers for protons in Lij 4OH; 14CL.210 Unfortunately, the fractional
occupancies for Li and D could not be refined as attempts to do so resulted in
an extremely low value for Li and a negative value for D. Thus, the precise sto-
ichiometry of the desired phase could not be determined. This is in contrast to
the findings of Hanghofer et al.?!? as they were able to successfully refine the
fractional occupancies for Li and H in Lij g4OH; 16Cl. However, it is noted that
the sample investigated by Hanghofer et al.,?'? was originally intended to be
LizOCl and not LiOHCL. Isotropic thermal coefficients were also determined
and the coefficients for O and D were constrained to be equivalent to avoid
an unreasonably large value for D. In general, the coefficients obtained appear
reasonable and are in good agreement with those reported by Hanghofer et
al.?'¥ However, it is noted that the coefficient obtained for Li is slightly large.
As with the earlier refinements, the thermal coefficients for atoms in the LiCl
phase could not be refined. Hence, they were fixed at 2.5 x 1072 A2. Lastly, the
phase fractions obtained suggest that the sample contains 99.10(11)% Li,ODCl
and 0.90(11)% LiCl. However, these values may not be accurate owing to the

quality of fit obtained.

A slightly better fit was obtained for the NPD data acquired at 150 °C
data with a x* =2.93 and wR;, = 2.90%. Again, all reflections are indexed. How-
ever, there is still some mismatch between the observed and calculated intensi-
ties. As expected, the lattice parameter increases with increasing temperature.
Additionally, the atomic coordinates for D are very similar to those obtained
earlier at 50 °C and those reported by Hanghofer et al.?!0 As with the previous

refinement, the fractional occupancies for Li and D could not be refined. Any
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Figure 4.26: Rietveld refinement of the NPD data collected at (a) 50 °C for 320.04 pA and (b)
150 °C for 237.44 pA using the backscattering bank, for a sample of Li,ODCI, synthesised

using a conventional solid-state reaction, using the Pm3m (Li;ODCI) structural model pro-

posed by Hanghofer et al.?'? and the Fm3m (LiC1)® model. Reflections corresponding to

the sample holder were excluded and are denoted by *. (a) X% = 4.45, wR; = 3.08%, R, =

1.78%. (b) x* = 2.93, wRy, = 2.90%, R, = 1.88%.
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Table 4.16: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected at
50 and 150 °C using isotropic thermal coefficients. 50 °C: Li,ODCI: space group Pm3m, a
=3.91033(2) A, V = 59.792(1) A3, phase fraction = 99.10(11)%. LiCl: space group Fm3m, a =
5.15109(63) A, V = 136.677(50) A3, phase fraction = 0.90(11)%. x> = 4.45, wRp = 3.08%, Rp
= 1.78%. 150 °C: Li;,ODCI: space group Pm3m, a = 3.92756(2) A, V = 60.586(1) A3, phase
fraction = 99.05(10)%. LiCl: space group Fm3m, a = 5.17493(53) A, V = 138.584(43) A3, phase
fraction = 0.95(10)%. x2 = 2.93, wRp = 2.90%, Rp = 1.88%.

Atom x y z Occ. Ul(iso) x 100 (A2)
50 °C
Li 0.5 0 0 0.667 4.45(22)
@) 0 0 0 1 1.23(5)
D 0.1214(8) 0.1214(8) 0.1214(8) 0.125 1.23(5)
Cl 0.5 0.5 0.5 1 1.05(5)
150 °C
Li 0.5 0 0 0.667 4.85(24)
@) 0 0 0 1 1.76(6)
D 0.1211(9) 0.1211(9) 0.1211(9) 0.125 1.76(6)
cl 0.5 0.5 0.5 1 1.48(5)

attempts to do so resulted in a very low value for Li and a negative coefficient
for D. The thermal coefficients were also refined, and the coefficients for O and
D were constrained to be equivalent. Again, the coefficients obtained are very
similar to those obtained at 50 °C and those reported in the literature.?!? Once
again, the thermal coefficients for atoms in the LiCl phase could not be refined
and were fixed at 2.5 X 1072 A2. Lastly, the phase fractions obtained suggest
that the sample contains 99.05(10)% Li,ODCI and 0.95(10)% LiCl. This ratio is
very similar to that determined at 50 °C for this sample and via the XRD data

presented earlier (Figure 4.6).

It is noticed that the quality of fit obtained using the Pm3m model is not
as good as initially hoped. This is surprising as the high-temperature phase of
Li;OH/DCI has been extensively studied, and all studies unanimously agree

that Li;OHClI exists in a cubic structure in space group Pm3m at temperatures
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~>35 °C.213 However, it must be noted that there is a distinct lack of crys-
tallographic information in the literature regarding the proton/deuteron po-
sitions in the cubic (Pm3m) phase of Li,OH/DCI. Hence, the model reported
by Hanghofer et al.?! for a hydrated sample of “Li3OCl”, the composition of
which was closer to Li,OHCI than Li3OCl, was used during analysis. To date,
this is the only model to include structural information regarding the protons.
Hence, this model was deemed suitable to analyse the data presented in the
current study. However, the discrepancy between the observed and calculated
intensities suggests that the structural information regarding the atoms is not
entirely accurate. As discussed earlier, sensible fractional occupancies could
not be determined for Li and D at 50 or 150 °C. Moreover, the thermal co-
efficients corresponding to O and D had to be constrained to be equivalent
in order to avoid an unusually large coefficient for D. Thus, demonstrating
that precise characterisation of Li and D atoms within Li;ODCl is extremely
challenging. Eilbracht et al.,?!> described the protons to be statically disor-
dered over four possible positions around the oxygen. Additionally, Li,OHCI
is a known Li-ion conductor in the cubic (Pm3m) phase.?!> Considering the
temperature at which the data was collected (50 and 150 °C), it is very likely
that Li,OHCI exhibits Li-ion mobility. Moreover, it is entirely possible for the
OH/OD groups to also exhibit mobility in the forms of rotational movement.
Thus, possibly explaining the difficulties encountered during the characterisa-

tion of both Li and H/D atoms.

Another possible reason for a poor fit could be that the model used
may have been inaccurate. It is well known that deuterons will naturally ex-
change with protons over time. Due to the hygroscopic nature of LiRAPs, great
care was taken when packing and transporting the deuterated Li,OHCI sam-
ple from the laboratory to the HRPD facility at ISIS, Oxford. The sample was
carefully sealed and kept under moisture-free conditions. However, it is possi-
ble that over the course of the initial measurements (at —263 and 20 °C), which
were quite lengthy (20 hrs 45 mins and 8 hrs 46 mins), some or most of the deu-
terium may have exchanged for protons. In such situations, post-measurement

analysis via techniques such as NMR can be beneficial. However, this was not
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possible as the sample was heated above its melting point during NPD mea-

surements.

Nevertheless, to examine this possibility, the NPD patterns acquired at
50 and 150 °C were also analysed using the Pm3m (Li;OHCIl) model containing
H instead of D. The refinements completed are shown in Figure 4.27 and the
corresponding structural parameters are listed in Table 4.17. In both cases, the
fit obtained appears to be fairly good (50 °C: x* = 1.41 and wR;, = 2.01% and
150 °C: x*> = 1.41 and wRp =2.02%). Itis noticed that the difference between the
observed and calculated intensities is considerably reduced when compared to
the previous refinements completed using the deuterated model (Figure 4.26).
Thus, suggesting that the LiOHCl model provides a better fit than Li,ODCI.

Hence, the sample may contain some protons.

An inspection of the structural parameters obtained shows that the
lattice parameters obtained are similar to those determined using the Li,ODCl
model (Figure 4.26). However, the atomic coordinates obtained for H, at 50
and 150 °C, vary significantly from those determined for D and those reported
in the literature.2!? Unlike the refinements completed using Li;ODCl, the frac-
tional occupancies for Li and H were refined successfully. The occupancies
obtained suggest a composition of Lij5390H84Cl and Lij 3330H;1,06Cl at 50
and 150 °C, respectively. Unfortunately, neither of the formulae are charge-
balanced. They also differ significantly from each other and the intended
composition. Moreover, the thermal coefficients could be refined freely for all
atoms in both cases as no constraints were required. The coefficients obtained
for O and Cl appear quite reasonable, whereas the coefficients obtained for Li
and H are a little high but in agreement with those reported in the literature. '
Yet again, the thermal coefficients for atoms in the LiCl phase could not be re-
fined and were fixed at 2.5 X 1072 A2, Lastly, according to the phase fractions
obtained, the sample consists of 99.08(6)% Li,OHCI and 0.92(6)% LiCl at 50 °C
and 99.05(7)% Li;OHCI and 0.95(7)% LiCl at 150 °C. The phase fractions ob-

tained are similar to those determined earlier using the LiODCl model (Figure

4.26) and via the XRD data (Figure 4.6).
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Figure 4.27: Rietveld refinement of the NPD data collected at (a) 50 °C for 320.04 pA and (b)
150 °C for 237.44 pA using the backscattering bank, for a sample of Li,ODCI, synthesised

using a conventional solid-state reaction, using the Pm3m (Li,OHCI) structural model pro-

posed by Hanghofer et al.?'? and the Fm3m (LiC1)® model. Reflections corresponding to

the sample holder were excluded and are denoted by *. (a) x% = 1.75, wR;, = 1.94%, R, =
1.56%. (b) x* = 1.41, WR;, = 2.01%, R;, = 1.67%.
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Table 4.17: Structural parameters for a sample of Li,ODCI, synthesised using a conven-
tional solid-state reaction, obtained from Rietveld refinement of the NPD data collected at
50 and 150 °C using isotropic thermal coefficients. 50 °C: Li,OHCI: space group Pm3m, a
=3.91035(1) A, V = 59.793(0) A3, phase fraction = 99.08(6)%. LiCl: space group Fm3m, a =
5.15094(38) A, V = 136.666(30) A3, phase fraction = 0.92(6)%. Xx* = 1.75, wRp = 1.94%, Rp
= 1.56%. 150 °C: Li;,OHCI: space group Pm3m, a = 3.92757(1) A, V = 60.586(1) A3, phase
fraction = 99.05(7)%. LiCl: space group Fm3m, a = 5.17487(36) A, V = 138.579(29) A3, phase
fraction = 0.95(7)%. x* = 1.41, wRp = 2.01%, Rp = 1.67%.

Atom X y z Occ. Ul(iso) x 100 (A?)
50 °C
Li 0.5 0 0 0.513(22) 3.97(33)
o 0 0 0 1 1.59(4)
H 0.1010(17)  0.1010(17)  0.1010(17)  0.105(14) 4.59(114)
Cl 0.5 0.5 0.5 1 0.98(3)
150 °C
Li 0.5 0 0 0.461(23) 3.50(39)
0 0 0 0 1 2.11(5)
H 0.1102(16)  0.1102(16)  0.1102(16)  0.133(22) 4.96(125)
cl 05 05 05 1 1.36(4)

Considering both sets of refinements completed with the Li;ODCl and
LiOHCI models, it is clear that neither of these models provide particularly
good fits for the NPD data acquired at 50 and 150 °C. The Li;ODCI model
does not allow for the fractional occupancies to be refined, meaning the pre-
cise composition of the desired phase cannot be determined. The Li,OHCl
model, on the other hand, allows for the fractional occupancies to be refined.
However, the composition obtained deviates significantly from Li,OHCI. Ad-
ditionally, the compositions determined at 50 and 150 °C do not agree with
each other. Overall, it is challenging to determine whether any deuterons have
indeed been replaced by protons. Refinements were also attempted using the
Li,OH;_xDxCl models. However, the structural parameters obtained for H
and D were the same as those presented here. As in, the fractional occupan-
cies determined for D were negative, and those for H were similar to those

obtained using the Li;OHCI model. Thus, the relative amounts of H and D

201



in the sample could not be determined. However, the most likely scenario
is that some deuterons may have been exchanged with protons. Hence, the
most likely cause of the difficulties encountered during the refinements is the
deuteron/proton exchange and Li and H mobility within the samples. This
also explains the severe lack of crystallographic information for the H/D atoms

in the Li;OH/DCl system in the literature.

4.3.1.4 SSNMR Studies of Li,OHCl

To further elucidate the structure of Li,OHCI, both the room- and
high-temperature phase were analysed via VT multinuclear SSNMR. The 'H
and “Li MAS NMR spectra obtained at 33 and 52 °C, for a sample of Li;OHCI
synthesised via a conventional solid-state route, are shown in Figure 4.28. At
33 °C, a single broad resonance centred around 0 ppm is observed in both
cases. In the 'TH MAS NMR spectrum, a resonance with two sets of spinning
sidebands is observed, characteristic of hydroxyl groups. Typically, a single
resonance is indicative of a single site. However, both the 'H and “Li res-
onances observed here are relatively broad and may be composed of multi-
ple, overlapped resonances, making it challenging to determine the number of
crystallographically distinct H and Li sites present in the sample at 33 °C. At 52
°C, where Li,OHCl is known to adopt a cubic structure in space group ngm,
both resonances narrow and increase in intensity, and the spinning sidebands
become less pronounced. The line narrowing observed here is likely due to
a decrease in homonuclear dipolar couplings as expected following the phase

transition to a higher symmetry structure.

As stated earlier, MAS is an effective technique for removing the ef-
fects of anisotropic interactions to achieve narrow lineshapes in NMR spec-
tra. However, static conditions can be beneficial in some instances, e.g., during
structural analysis, as the effects of anisotropic NMR interactions can be ob-
served in the spectrum. Hence, Li,OHCI was also investigated using static ’Li
NMR, and the spectra obtained at 24 and 54 °C are shown in Figure 4.29. At 24
°C, abroad symmetrical resonance with satellite transitions is observed. This is

expected for a spin-3/2 nucleus, i.e., a dipolar broadened lineshape at ~0 ppm,
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Figure 4.28: (a) 'H and (b) "Li (11.7 T) MAS NMR spectra acquired at 33 (blue) and 52 °C
(green), for a sample of Li,OHCI prepared via conventional solid-state synthesis inside an
Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by *. A
recycle delay of (a) 500 and 60 s was used at 33 and 52 °C and (b) 60 s was used at 33 and 52

°C. In all cases, 4 transients were acquired.

corresponding to the central transition (+1/2 «— —1/2). A broad resonance
is also observed, corresponding to the satellite transitions (3/2 «— 1/2 and

—1/2 «— -3/2). Broadening of the central transition is due to strong “Li - “Li
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Figure 4.29: Static "Li (9.4 T) NMR spectra acquired at 24 (blue) and 54 °C (green), for a sam-
ple of Li,OHCI, prepared via conventional solid-state synthesis inside an Ar-filled glove-
box. A recycle delay of 65 and 1 s was used at 24 and 54 °C, respectively, to acquire 8

transients.

homonuclear dipolar interactions that are averaged out as the temperature is
increased to 54 °C, and a single narrow resonance, indicative of a single site is
observed. Unfortunately, it is not possible to differentiate how many distinct

Li sites there are at 24 °C because there is considerable overlap.

Li;OHCl was also studied using VT **Cl MAS NMR spectroscopy and
the spectra acquired at 33 and 63 °C are shown in Figure 4.30. At 33 °C, the line-
shape observed appears to be composed of multiple overlapping resonances.
It is noted that a signal appears at ~5 ppm which corresponds to LiCl, an impu-
rity phase present in a very small quantity (~0.56%). This is in agreement with
the XRD and NPD data (vide supra). At 63 °C, following the phase transition to
cubic symmetry in space group Pm3m, the lineshape is different, with a broad
asymmetric lineshape observed, with an additional shouldering present. The
resonance corresponding to LiCl remains unchanged. Both lineshapes were
simulated to determine the number of crystallographically distinct Cl sites
present and are shown in Figure 4.31. The corresponding quadrupolar param-

eters are listed in Table 4.18. The lineshape observed in the spectrum obtained
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Figure 4.30: 3°Cl (11.7 T) MAS NMR spectra acquired at 33 (blue) and 63 °C (green), for
a sample of Li,OHCI prepared via conventional solid-state synthesis inside an Ar-filled
glovebox. The MAS rate was 12 kHz and spinning sidebands are denoted by *. In both
cases, 2560 transients were acquired using a recycle delay of 5 s. The known LiCl impurity

is denoted by t.

at 33 °C could only be simulated using three distinct Cl sites. However, it is
noted that none of the proposed structures investigated earlier for the room-
temperature phase of LiyOHCI had three distinct Cl sites. Moreover, two sites
were required to simulate the lineshape observed at 63 °C. This is surprising as
the high-temperature cubic structure for Li;OHCI in space group Pm3m only

has a single Cl site.

As previously discussed in Chapter 2, diffraction techniques are used
to investigate the long-range order in a crystalline material, whereas NMR is
a local structural probe. Thus, the data presented indicates that whilst there
is only one crystallographically distinct CI site in the high-temperature cu-
bic (Pm3m) phase of Li,OHCI, there are two different local Cl environments
identified via SSNMR. It is noted that the XRD data presented earlier demon-
strated the presence of an unidentified impurity phase in the sample, in ad-
dition to the desired phase and residual LiCl. The XRD analysis indicated

that the impurity phase is present in a very small quantity when compared
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Figure 4.31: Simulations of the 3°Cl (11.7 T) MAS NMR spectra acquired at (a) 33 °C and
(b) 63 °C for a sample of Li;OHCI prepared via conventional solid-state synthesis inside an
Ar-filled glovebox. The MAS rate was 12 kHz and a recycle delay of 5 s was used to acquire
2560 transients. At 33 °C, three sites were required to fit the lineshape and the corresponding
quadrupolar parameters were obtained: Site 1 (Cg = 1.534(1) MHz and ng = 0.898(2)), Site
2 (Cq = 2.744(2) MHz and ng = 0.660(3)), Site 3 (Cq = 1.680(4) and ng = 0.468(4)). At 63 °C,
two sites were required to fit the lineshape and the corresponding quadrupolar parameters
were obtained: Site 1 (Cq =1.866(2) MHz and ng = 0.743(4)), Site 2 (Cg = 1.766(2) MHz and
Nq = 0.052(7)). The known LiCl impurity is denoted by .

206



Table 4.18: The 3>C1 NMR parameters, 5, Cg, and 1, obtained by simulating the lineshapes
observed in the 3°C1 MAS NMR spectra obtained at 33 and 63 °C, for a sample of Li,OHCI

prepared via conventional solid-state synthesis inside an Ar-filled glovebox.

Site 8 (ppm) Co (MHz) nQ

33°C

1 ~14.53(1) 1.534(1) 0.898(2)

2 ~13.00(7) 2.744(2) 0.660(3)

3 ~58.35(8) 1.680(4) 0.468(4)
63 °C

1 —37.24(5) 1.866(2) 0.743(4)

2 ~58.39(6) 1.766(2) 0.052(7)

to the desired Li,OHCI phase. Furthermore, the corresponding reflections did
not change with increasing temperature, suggesting that, unlike Li,OHCI, the
impurity phase does not undergo any structural changes as a function of tem-
perature. As stated earlier, a signal from residual LiCl has been observed in
the 3°Cl MAS NMR spectra, which remained unchanged between 33 and 63
°C. However, no distinct signal from the impurity phase is observed. It could
be argued/suggested that one of the Cl sites simulated corresponds to the im-
purity phase as only one crystallographically distinct Cl site is expected at 63
°C. However, this is not the case, as the impurity phase does not change with
increasing temperature. Therefore, the corresponding 3°Cl resonance would
also remain unchanged. Thus, further suggesting that Cl exhibits two different
local environments in Li,OHCl at 63 °C, despite occupying only one crystallo-

graphically distinct site.

Inspection of the individual CI sites determined for the room-temper-
ature phase shows that all three sites have a relatively low value of Cq and a
mid to high value of ng. Typically, for perfectly cubic systems such as LiCl,

351,163 whereas materials

NaCl and KCl, Cq and ngq are close or equal to 0 for
with low symmetry, such as transition metal complexes, the values of Cq can
be as high as ~40 MHz for 3°C1.'*" Therefore, the Cq values determined here

are relatively small, suggesting the room-temperature structure of Li,OHCl is
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of high symmetry but not perfectly cubic. Interestingly, the two sites deter-
mined for the cubic phase have Cq = 1.77 and 1.87 MHz and ng = 0.743 and
0.052, respectively. It is noted that site 1 appears to be similar to the Cl site 1
identified in the room-temperature phase of LiOHCI, with similar values of
Cq and ngq. Site 2, on the other hand, does not appear to resemble any of the
sites in the room-temperature phase. As stated earlier, a perfectly cubic sys-
tem would have a Cq and nq very close to 0. Thus, the presence of two Cl sites
with Cq and ng > 0 insinuates that the high-temperature phase of Li,OHCl
may not adopt a perfectly cubic structure. Considering these findings and tak-
ing them in conjunction with the diffraction data presented earlier, where the
high-temperature cubic phase of LiOHCl was demonstrated to adopt a cu-
bic phase in space group Pm3m, it seems that whilst the long-range structure
of Li,OHCI adopts a cubic symmetry, the local structure is of lower symme-
try. Such situations can occur in cases of pseudo-symmetry where the unit
cell adopts a certain geometrical shape. However, the arrangement of atoms
within the unit cell does not exhibit the necessary symmetry elements required
for that particular crystal system. Hence, the actual crystal system varies from
the one it initially appears to be. Interestingly, the Li3OCl;_,Bry system was
suggested to be pseudo-cubic by Zhao and Daemen.!'?* Hence, the Li;OHCI
system may also be pseudo-cubic. This would explain the presence of two Cl
sites in the high-temperature phase of Li,OHCI. Furthermore, the presence
of pseudo-symmetry could also have an influence on the Rietveld analysis
presented earlier. However, it is noted that no such suggestions have been
made in the literature regarding Li,OHCl. Moreover, the current findings do
not provide conclusive evidence for pseudo-symmetry. Therefore, additional

diffraction-based studies would be required to confirm this.

4.3.2 Mechanically-Milled Li,OHCl
4.3.2.1 Synthesis

The LiRAP samples discussed so far have all been synthesised via con-
ventional solid-state methods. As discussed earlier, additional solid-state tech-

niques such as mechanical milling can be used to aid synthesis and can, in
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some cases, access phases that may not be otherwise formed. The usefulness
of mechanical milling has been demonstrated in Chapter 3, where it was used
to aid the synthesis of LizOCl with favourable outcomes. Hence, mechani-
cal milling has also been employed here to investigate an alternative synthetic
route for LipOHCL. A sample of LiOHCI was successfully synthesised via
mechanical milling of the reagents, LiCl and LiOH, together at 500 rpm for
9 hrs via a planetary ball mill. The sample produced was analysed via lab-
oratory XRD, and the corresponding diffraction pattern is shown in Figure
4.32. The XRD pattern obtained closely resembles that of the high-temperature
cubic phase of Li,OHCI (Figure 4.5). Thus, suggesting the desired phase in
the mechanically-milled sample exists in cubic symmetry at room tempera-
ture. It is noted that the reflections observed are relatively broad, which sug-
gests that the particle size of the mechanically-milled sample is considerably
smaller than those prepared via conventional solid-state synthesis. In addition
to the desired LiOHCI, there also appear to be some low intensity reflections

corresponding to the starting material, LiCl. These reflections are also quite
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Figure 4.32: Rietveld refinement of the XRD data obtained for the mechanically-milled sam-
ple of Li;OHCI. The sample was prepared via mechanical milling of the reagents together
at 500 rpm for 9 hrs via a planetary ball mill. The refinement was completed using the Pm3m

(Li,OHCI) 125 and Fm3m (LiCl)'*° structural models. x2 = 2.08, wR,, = 8.87%, Rp, = 6.96%.
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broad. However, no reflections corresponding to the other reagent, LiOH, are
observed. Similar observations were made for the Li,OHCI sample prepared
via conventional solid-state synthesis, as it was also found to contain resid-
ual LiCl, but no LiOH was present. Therefore, the presence of LiCl is likely a
feature of the Li,OHCl system and not solely the preparation method. As men-
tioned earlier, it has been suggested in the literature that residual LiCl may be
indicative of LiCl-based defects in the system.!322!8 Therefore, the same may

also be true for the sample prepared via mechanical milling.

The XRD data obtained was analysed via the Rietveld method using
the Pm3m (Li;OHC1)?'° and Fm3m (LiCl)'° structural models. The corre-
sponding structural parameters, including the isotropic thermal coefficients,
are listed in Table 4.19. The fit appears to be quite good and a x* = 2.08 and
WR}, = 8.87% are obtained. The Rietveld analysis confirms initial suggestions
that the sample produced via mechanical milling adopts a cubic structure in
space group Pm3m at room temperature. A lattice parameter of 3.90775(9) A
is obtained, in good agreement with the value previously determined for the
high temperature LiOHCI phase (vide supra) and with that reported in the

literature.?!3 The presence of residual LiCl suggests the composition of the de-

Table 4.19: Structural parameters for a mechanically-milled sample of Li,OHCI, obtained
from Rietveld refinement of the XRD data, using isotropic thermal coefficients. Li,OHCI:
space group Pm3m, a = 3.90775(9) A, V = 59.673(4) A3, phase fraction: 97.98(5)%. LiCl: space
group Fm3m, a = 5.14572(1) A, V = 136.250(48) A3, phase fraction: 2.02(5)%. x* = 2.08, wR,, =
8.87%, Rp = 6.96%.

Atom X y z Occ. Ul(iso) x 100 (A?)

Li,OHC1

Li 0.5 0 0 0.656(19) 8.81(60)

0 0 0 0 1 2.73(7)

H 0.1279 0.1279 0.1279 0.169(8) 2.73(7)

cl 0.5 0.5 0.5 1 4.05(5)
LiCl

Li 0 0 0 1 8.05(140)

cl 0.5 05 0.5 1 2.29(22)
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sired phase may not be exactly as intended. Hence, in order to determine the
exact composition of the desired phase, the fractional occupancies of the Li
and H sites were refined. The occupancies obtained indicate a composition
of Li1 968OH; 35:Cl. Unfortunately, the formula is not charge-balanced. This is
most likely due to the insufficient resolution of laboratory XRD. Nevertheless,
it is close to the intended composition and similar to that determined for the

sample synthesised via the conventional solid-state route.

Isotropic thermal coefficients were also determined and, as with the
earlier refinements, the coefficients for O and H in Li,OHCI were constrained
to be equivalent. All thermal coefficients appear to be quite large. However,
those corresponding to Li in both Li,OHCl and LiCl are particularly big. The
coefficient for Li in LiCl also has a large error. Similar observations were made
for the refinement completed using the XRD data for the LiOHCI sample pre-
pared via the conventional solid-state route (Figure 4.6). As stated earlier, this
is in agreement with the literature as Hanghofer and co-workers also reported
unusually large thermal coefficients for Li in this system.?!? Thus, unusually
large thermal coefficients for Li appear to be a feature of this system. As dis-
cussed earlier, LiOHCl is known to exhibit Li-ion mobility in the cubic phase.
Typically, Li,OHCI adopts the cubic phase at elevated temperatures, therefore,
it only exhibits Li-ion mobility at increased temperatures. However, in this
instance, the cubic phase is present at room temperature. Thus, it is possible
for the system to exhibit low levels of ion mobility at room temperature. This
could result in a particularly large thermal coefficient for Li as the ion mobility
may be interpreted as thermal motion during Rietveld analysis. Such a large
thermal coefficient for Li in Li)OHCl is also likely to affect the one determined
for Li in LiCl. In this particular case, the breadth of the reflections, coupled
with the low resolution of laboratory XRD, could be making it challenging to
accurately determine structural parameters. Moreover, the fractional occupan-
cies determined earlier may be slightly inaccurate, which would influence the
corresponding thermal coefficients. Regrettably, it is difficult to determine the

exact cause of the unusually large thermal parameters from this data alone.

Overall, the diffraction data presented here is interesting as it demon-
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strates that not only can Li,OHCI be synthesised without applying heat, but
the high-temperature phase can be accessed directly at room temperature via
solely mechanical milling. Hence, mechanically-milled Li,OHCl is of great in-

terest as it broadens the scope for further investigation into the LiRAP system.

4.3.2.2 NPD Studies of Mechanically-Milled Li,ODCl

To further examine the effects of mechanical milling on Li,OHCI, a
deuterated sample was also studied via NPD at HRPD. A sample of Li,ODCl
was prepared by our collaborator using a 5% excess of LiOD to ensure that no
residual LiCl remained. The reagent mixture was milled at 500 rpm for 15 hrs,
and an XRD pattern corresponding to the sample produced is shown in Figure
4.33. Also shown for comparison is a diffraction pattern corresponding to the
non-deuterated Li,OHCl sample discussed earlier (first shown in Figure 4.32).
Both diffraction patterns look very similar, suggesting the deuterated sample
has been synthesised successfully. It is noted that no reflections corresponding
to LiCl are observed in the XRD pattern corresponding to the deuterated sam-
ple. Thus, suggesting a 5% excess of LiOD is quite effective in ensuring that
no residual LiCl remains. However, there does appear to be a small additional
reflection present at 20 = 14.15°, suggesting the presence of an impurity phase,
albeit in a very small quantity. It is to be noted that the pattern is shown here
for comparison to the non-deuterated sample. The XRD pattern correspond-
ing to the exact sample analysed via NPD was acquired using a diffractometer

with a Co source and is shown in the Appendix.

Initially, the mechanically-milled Li;ODCI sample was analysed at 20
°C, and the NPD pattern obtained is shown in Figure 4.34(a). It looks very sim-
ilar to the pattern obtained for the high-temperature cubic phase of Li,ODCl
synthesised via a conventional solid-state route (Figure 4.6). Additionally, in
a similar manner to the XRD data, the reflections observed in the NPD pat-
tern are quite broad, suggesting a small particle size. As demonstrated earlier,
the LiOHCI sample synthesised via a conventional solid-state route under-
goes a phase transition upon heating and adopts a cubic structure in space

group Pm3m at ~40 °C. The mechanically-milled sample of Li,OH/DCI, on the
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Figure 4.33: X-ray diffraction patterns obtained for the deuterated and non-deuterated sam-
ples of Li,OHCI synthesised via mechanical milling. The deuterated and non-deuterated
samples were prepared via mechanical milling of the reagents together at 500 rpm for 15 hrs
and 9 hrs, respectively, via a planetary ball mill. The reflection denoted with * is believed

to correspond to an impurity phase.

other hand, adopts a cubic structure, also in space group Pm3m, but at room
temperature. Thus, VI NPD experiments were completed to investigate the
phase behaviour of the mechanically-milled LiODCI sample. HRPD allows
for a much wider temperature range to be explored compared to the labora-
tory X-ray diffractometers. As such, the sample was cooled to —263 °C (10
K), the lowest temperature that could be achieved using the apparatus avail-
able. The diffraction pattern recorded at —263 °C (10 K) is also shown in Figure
4.34(a), and it appears to be different from the one obtained at 20 °C, owing
to the presence of multiple additional reflections. Thus, suggesting a phase
transition to a structure with lower symmetry at very low temperatures. The
diffraction pattern at —263 °C consists of multiple broad reflections that over-
lap, making it challenging to determine whether this is the same phase as the
room-temperature phase of the LiOHCI sample discussed earlier. The sample
was then reheated to 20 °C, and the corresponding diffraction pattern is shown

in Figure 4.34(b). The diffraction pattern looks identical to that observed prior
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Figure 4.34: (a) Neutron diffraction powder patterns obtained for a sample of mechanically-
milled Li,ODCI at 20 and —263 °C, collected for 320.97 and 320.02 pA, respectively. (b) The
sample was then heated to 20 and 150 °C and the data was collected for 278.02 and 250.13 pA,
respectively. The diffraction patterns also contain reflections corresponding to the sample

holder (1.23, 1.51, 2.14 and 2.35 A).
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to cooling. Thus, demonstrating the reversible nature of the phase transition.
A further increase in temperature to 150 °C produces a diffraction pattern that
looks very similar to that at 20 °C. However, the reflections observed are much
sharper with a concomitant increase in intensity. Thus, suggesting an increase
in crystallinity at elevated temperatures. Additionally, the narrower reflections

allow some reflections to be observed more clearly due to less overlap.

The NPD data recorded at 20 °C was analysed via the Rietveld method
using the Pm3m structural model proposed by Hanghofer et al.?!? The refine-
ment is shown in Figure 4.35(a), and the corresponding structural parameters,
including the isotropic thermal coefficients, are shown in Table 4.20. A x? =3.14
and wR, = 2.48% suggest a very good fit. Inspection of the refinement shows
that all reflections corresponding to the sample are successfully indexed, and
the observed and calculated intensities match well. As with the earlier NPD
refinements, the reflections corresponding to the sample holder were excluded
and are denoted by *. A lattice parameter of 3.90389(8) A is obtained. This is
similar to the one determined earlier from the laboratory XRD data and agrees
with that reported in the literature for the cubic phase of Li;OHCI synthesised
via conventional solid-state methods.2!® As with the earlier NPD refinements,
the thermal motion was treated as isotropic because reliable values could not
be obtained for anisotropic thermal coefficients. Also, the coefficients for O
and D were constrained to be equivalent to avoid an unrealistically large co-
efficient for D. Inspection of the thermal coefficients obtained shows that the
coefficient corresponding to Li is considerably smaller than that obtained via
XRD and is generally more in line with what is expected. Unfortunately, ad-
ditional structural parameters such as the atomic coordinates for D and the
fractional occupancies for Li and D could not be refined. Attempts to refine
these parameters did not result in a fully converged refinement. Thus, making

it difficult to determine reliable values for these parameters.

The NPD data obtained at —263 °C (10 K) was also analysed via the
Rietveld method. The data was refined using the new Pban model proposed
earlier (Figure 4.19) as it appeared to be the most suitable candidate for the

room-temperature orthorhombic phase of LiyOHCI (vide supra). The refine-
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Figure 4.35: Rietveld refinements of the NPD data collected at (a) 20, (b) —263 and (c) 150 °C
for 320.07, 320.02 and 250.13 pA, respectively, using the backscattering bank, for a sample
of mechanically-milled Li,ODCI using the (a,c) Pm3m (Li;,ODCI) and (b) Pban (Li,ODCI)
structural models.?!? The reflections corresponding to the sample holder were excluded and
are indicated by *. (a) x? = 3.14, wR,, = 2.48%, R, = 1.72%. (b) X* = 6.08, wR,, = 3.44%, R, =
2.85%. (c) x* = 4.58, wRy, = 3.35%, Rp, = 1.97%.
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Table 4.20: Structural parameters for a sample of mechanically-milled Li,ODCI, obtained
from Rietveld refinement of the NPD data obtained at 20, —263 and 150 °C, using isotropic
thermal coefficients. 20 °C: Li;ODCI: space group Pm3m, a = 3.90389(8) A, V = 59.497(4) A3.
x* =3.14, wR;, = 2.48%, Ry, =1.72%. —263 °C: Li;ODCI: space group Pban, a =7.69147(224) A,
b =7.93179(127) A, ¢ = 3.82411(95) A, V = 233.298(52) A3. x* = 6.08, wRy, = 3.44%, R}, = 2.85%.
150 °C: Li,ODCI: space group Pm3m, a = 3.92909(3) A, V = 60.656(1) A3. x* = 4.58, wR,, =
3.35%, R, = 1.97%.

Atom X y z Occ. Ul(iso) x 100 (A2?)
20 °C
Pm3m
Li 0.5 0 0 0.667 3.56(18)
0 0 0 0 1 1.25(5)
D 0.1279 0.1279 0.1279 0.125 1.25(5)
cl 05 05 05 1 1.22(4)
-263 °C
Pban
Lil 0.0371(34) 0.25 0 0.282(14) 2.5
Li2 0.25 0.1714(39) 0 0.168(23) 2.5
Li3 ~0.0018(95)  0.0310(22) 0.8356(47)  0.575(66) 25
01 0 0 0 0.25 2.5
D1 0.0451(86) —0.0130(69) 0.2050(157) 0.073(31) 2.5
D2 0.0534(31) 0.4670(14) 0.1924(56) 0.163(16) 2.5
Cl1 0.25 0.25 0.5 0.25 2.5
Cl2 0.75 0.25 0.5 0.25 2.5
150 °C
Pm3m
Li 0.5 0 0 0.667 5.10(21)
o 0 0 0 1 2.10(5)
D 0.1279 0.1279 0.1279 0.125 2.10(5)
Cl 0.5 0.5 0.5 1 1.98(4)

ment completed is shown in Figure 4.35(b), and the corresponding structural

parameters are listed in Table 4.20. A x? = 6.08 and wR;, = 3.44% suggest a

relatively good fit, and all relevant reflections are successfully indexed. The

observed and calculated intensities match reasonably well, but there are some

noticeable differences. Inspection of the structural parameters indicates that
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the cell volume is lower than that determined using the NPD data acquired
at 20 °C for the Li,ODCI sample synthesised using a conventional solid-state
synthesis (Table 4.15). This is to be expected as a decrease in temperature will
cause the unit cell to contract. The cell volume is similar to that determined at
—-263 °C (10 K) for the LiODCI sample synthesised via a conventional solid-
state route. However, the lattice parameters are noted to differ somewhat. For
the mechanically-milled sample, the lattice parameter “a” is slightly larger,
whereas “"b” and “c” are slightly smaller. The parameters determined also
have a rather large error which is most likely due to the low crystallinity of
the sample. Unlike the cubic phase, the atomic coordinates for Li and D in
the orthorhombic phase were successfully refined. An inspection of the co-
ordinates obtained shows that the coordinates for Lil and D1 do not exhibit
any significant change from those in the initial model (Figure 4.12 and Table
4.9). However, those for Li2, Li3 and D2 exhibit a noticeable shift. Figure 4.36
shows the structures of the initial model and that corresponding to the refined
structural parameters. There is a noticeable difference between the two struc-
tures. In particular, the atomic coordinates for Li2 have shifted considerably.
The fractional occupancies for the Li and D atoms were also refined, and the re-
sulting occupancies indicate a composition of Lig 440D; gsgCl. Once again, the
formula obtained is not charge-balanced and differs drastically from that ex-
pected. This may be due to the poorly refined atomic coordinates, which will
affect the fractional occupancy. Moreover, the thermal coefficients could not
be refined to sensible values and had to be fixed at 2.5 x 1072 AZ for all atoms.
Overall, the data analysis demonstrates that the mechanically-milled sample
undergoes a phase transition at lower temperatures. The structure of the low-
temperature phase appears to be orthorhombic. However, precise structural

parameters could not be obtained.

Lastly, the NPD data acquired at 150 °C was also analysed via the Ri-
etveld method using the Pm3m model?0 (Figure 4.35(c) and Table 4.20). A x>
= 4.58 and wRy, = 3.53% suggest a relatively good fit. Additionally, all reflec-
tions corresponding to the sample are successfully indexed with a good match

between the observed and calculated intensities. As expected, the lattice pa-
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Figure 4.36: (a) The structure of Li,OHCI in space group Pban adapted from the model
proposed by Hanghofer and co-workers?! at 300 K. (b) Also, shown is the refined structure
of Li,ODCI in space group Pban obtained via Rietveld analysis of the NPD data acquired
at 20 °C during the current study.

rameter exhibits a noticeable increase with increasing temperature. The same
is true for the isotropic thermal coefficients. As with the NPD data acquired
at 20 °C, the atomic coordinates for D and the fractional occupancies for Li
and D could not be refined. Attempts to refine these parameters did not re-
turn a fully converged refinement, meaning reliable parameters could not be
obtained. Earlier, it was suggested that this might be due to low sample crys-
tallinity and/or ion mobility. At 150 °C, the sample crystallinity appears to

have increased. Thus, the issue is likely to be ion mobility.

At the time of this writing, the synthesis of “"Li,OHCI” solely via me-
chanical milling was reported by Yamamoto and co-workers.??! The exact com-
position of the sample is reported to be Lij ggOHj 12Cl. Their method involved
milling together LiCl and LiOH at 700 rpm for 72 hrs. The sample produced
is reported to be cubic in space group Pm3m at room temperature with a lat-
tice parameter a = 3.90317(2) A. Thus, confirming the findings reported in the

current study. Yamamoto et al.??!

investigated the sample’s phase behaviour
via VT synchrotron XRD experiments. Upon heating Li; ggOH1.12Cl to 200 °C,
Yamamoto et al.,?*! also observed an increase in crystallinity as heating allows
for the crystal growth to occur. When cooling the sample, the structure re-
mained cubic until 40 °C. At 30 °C, however, a phase transition to orthorhom-

bic symmetry was observed. Yamamoto et al.??! believe the orthorhombic
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phase to exist in space group Pmc2;. Around the same time, Yang and co-
workers??? utilised mechanical milling methods to induce the orthorhombic
to cubic phase transition in LiyOHCl. Samples were initially produced via
conventional solid-state methods and were subsequently quenched to obtain
Li,OHCI with an orthorhombic structure. Li;OHCI was then mechanically
milled for 30 mins, which resulted in a phase transition from an orthorhombic
to cubic symmetry. Thus, further demonstrating the effectiveness of mechani-

cal milling.

More recently, Ni and co-workers??® have reported the synthesis of
Li;OHCI via wet mechanical milling, a commonly used method to facilitate
mixing. The procedure involved milling together LiCl and LiOH along with
n-hexane at 400 rpm for 10 hrs. n-hexane was subsequently removed by dry-
ing the sample under vacuum for 12 hrs. The resulting sample was reported
to exist in a cubic symmetry at room temperature. The sample also exhib-
ited low crystallinity, which is attributed to the stress incurred during milling.
VT laboratory XRD experiments indicated a phase transition from cubic to
orthorhombic symmetry when cooling from —150 to —200 °C. However, the
exact temperature at which the phase transition occurs was not determined.
Ni et al.??? also investigated the thermal stability of Li;,OHCI by annealing an
already prepared sample at 210 °C for 5 hrs. The heat-treated sample was
observed to remain cubic when cooled to 25 °C. These findings contrast with
those reported by Yamamoto and co-workers??! as they observed Li,OHCI to
undergo a phase transition when cooling from 200 to 30 °C. Although, further
cooling to —10 °C did result in a phase transition to orthorhombic symmetry.
Moreover, reheating the sample to 25 °C did not change the structure to cubic

symmetry, and the sample remained orthorhombic.

Ni et al.??? also stated that in an orthorhombic structure, the OH groups
are ordered, thus resulting in lattice parameters a = b < c. An increase in tem-
perature increases the kinetic energy of H, and the OH groups become disor-
dered. This changes the lattice parameters to a =b = ¢, and a transition from an
orthorhombic to cubic symmetry occurs. Ni ef al.?? suggest that the low crys-

tallinity aids in stabilising the metastable cubic phase at room temperature as
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a larger surface energy is likely to reduce the ordering of OH groups. Thus,
suppressing the transition to an orthorhombic phase. However, a decrease in
temperature will cause the OH groups to become ordered, in turn transform-
ing the unit cell from cubic to orthorhombic. As such, the milled samples were

observed to undergo a phase transition at much lower temperatures.

Overall, the findings presented in the current study and the recent lit-
erature reports suggest that in a similar manner to the LiyOHCI samples dis-
cussed earlier, the preparation methods used for mechanically-milled Li,OHCl
greatly influence the phase behaviour of the sample. Thus, making mechanic-

ally-milled Li,OHCI a worthy candidate for further exploration.

4.3.2.3 SSNMR Studies of Mechanically-Milled Li,OHCl

The mechanically-milled LiOHCI was also studied via multinuclear
SSNMR. The 'H and 7Li MAS NMR spectra obtained are shown in Figure
4.37. In both cases, a single resonance centred around 0 ppm is observed.
Both the 'H and 7Li NMR spectra closely resemble those obtained for the high-
temperature cubic phase of Li,OHC], i.e., the lineshape observed is similar, and
the sidebands are not very pronounced. A single resonance is indicative of a
single site, and this is to be expected as mechanically-milled Li,OHCI adopts a
cubic structure in space group Pm3m with a single H and Li site. The 'H reso-
nance with one set of spinning sidebands is characteristic of hydroxyl groups,
and the “Li resonance with a single set of spinning sidebands indicates a high
symmetry environment. These results are in line with what is expected for a

cubic structure.

The mechanically-milled LiOHCIl sample was also analysed via VT
3Cl MAS NMR spectroscopy, and the spectra acquired at —19 and 33 °C are
shown in Figure 4.38. The NPD data presented earlier indicated that the mech-
anically-milled sample undergoes a phase transition upon cooling. Thus, a
35C1 MAS NMR spectrum was also obtained below room temperature at —19
°C, as this was the lowest temperature achievable with the apparatus used. At

33 °C, a single broad resonance with an asymmetric lineshape is observed. In a
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Figure 4.37: (a) 'H and (b) "Li (11.7 T) MAS NMR spectra obtained for the mechanically-

milled sample of Li,OHCI. The sample was prepared via mechanical milling of the reagents

together at 500 rpm for 9 hrs via a planetary ball mill. The MAS rate was 10 kHz and

spinning sidebands are denoted by *. A recycle delay of (a) 1500 and (b) 60 s was used to

acquire (a) 16 and (b) 4 transients, respectively.

similar manner to the 'H and 7Li NMR data, the lineshape observed resembles

that observed earlier for the high-temperature Li,OHCI sample synthesised

via a conventional solid-state route. It is noted that a signal is also observed at
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~5 ppm from residual LiCl, which is present in the sample as an impurity. The
spectrum acquired at —19 °C (Figure 4.38) exhibits a resonance similar to that
observed for the room-temperature Li;OHCI phase. The lineshape observed
appears to be composed of multiple overlapping resonances. It also exhibits
less well-defined features when compared to the 3CI MAS NMR spectra corre-
sponding to the Li,OHCl sample prepared via conventional solid-state routes

(Figure 4.30).

Both spectra were simulated to fit the lineshape observed, as shown in
Figure 4.39 and the corresponding quadrupolar parameters are detailed in Ta-
ble 4.21. In a similar manner to the previous LiOHCl sample discussed earlier,
two Cl sites were required to fit the spectrum corresponding to the cubic phase
in space group Pm3m. The Cl sites observed at 33 °C for the mechanically-
milled sample are slightly different from those observed for the Li;OHCl sam-
ple synthesised via a conventional solid-state route (Figure 4.31). Therefore,

the quadrupolar parameters also differ slightly. The Cq values observed in

1 1 1 1 1 1 1
200 100 0 -100 -200 -300 -400
8 35Cl (ppm)

Figure 4.38: 3Cl (11.7 T) MAS NMR spectra obtained for the mechanically-milled sample of
Li,OHCI. The sample was prepared via mechanical milling of the reagents together at 500
rpm for 9 hrs via a planetary ball mill. The MAS rate was 10 kHz and spinning side bands
are denoted by *. In both cases, a recycle delay of 1 s was used to acquire 2560 transients.

The known LiCl impurity is denoted by t.

223
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— Fit
— Site 1: C, = 1.666(1) MHz, n, = 0.441(4)
— Site 2: C, = 1.115(3) MHz, n, = 0.499(8)
—LiCl
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6 35Cl (ppm)
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— Fit

— Site 1: C, = 1.554(2) MHz, n, = 0.790(3)
— Site 2: C, = 2.800(2) MHz, n, = 0.600(4)
— Site 3: C, = 1.750(3) MHz, n, = 0.350(3)
— LiCl

1
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Figure 4.39: Simulated 3°Cl (11.7 T) MAS NMR spectra acquired at (a) 33 °C and (b) —19
°C for a sample of mechanically-milled Li,OHCI. The sample was prepared via mechanical
milling of the reagents together at 500 rpm for 9 hrs via a planetary ball mill. The MAS
rate was 10 kHz and a recycle delay of 1 s was used to acquire 2560 transients. At 33 °C,
two sites were required to fit the lineshape and the corresponding quadrupolar parameters
obtained are: Site 1 (Cg = 1.666(1) MHz and ng = 0.441(4)), Site 2 (Cg = 1.115(3) MHz and
Ng = 0.499(8)). At —19 °C, three sites were required to fit the lineshape the corresponding
quadrupolar parameters obtained are: Site 1 (Cg = 1.554(2) MHz and ng = 0.790(3)), Site 2
(Cq = 2.800(2) MHz and ng = 0.600(4)), Site 3 (Cq = 1.750(3) MHz and ng = 0.350(3)). The
known LiCl impurity is denoted by t.

224



Table 4.21: 3°Cl NMR parameters, o, Cq, and 1@, obtained by simulating the lineshapes
observed in the 3°Cl MAS NMR spectra obtained at 33 °C and —19 °C for a sample of
mechanically-milled Li;OHCI.

Site 8 (ppm) Co (MHz) nQ

33°C

1 —62.78(4) 1.666(1) 0.441(4)

2 —67.20(2) 1.115(3) 0.499(8)
=19 °C

1 ~15.00(15) 1.554(2) 0.790(3)

2 ~12.00(28) 2.800(2) 0.600(4)

3 ~14.50(8) 1.750(3) 0.350(3)

both cases are similar, but the ng values differ considerably. Thus, suggesting
that in both samples, Cl experiences two distinct local environments which are
similar but not identical. As stated earlier, a Cl site in a perfectly symmetrical
environment, i.e., a perfectly cubic system, would have Cq and nq close to 0.
However, the parameters obtained here suggest that Cl experiences some EFG.
Thus, the low Cg values indicate a symmetrical structure, but not a perfectly
cubic structure. The lineshape observed at —19 °C could only be fitted using
at least three sites. The Cl sites observed at —19 °C have similar quadrupolar
parameters to those observed for the room-temperature phase of Li,OHCl and
therefore have similar lineshapes. Earlier, analysis of the NPD data obtained at
—263 °C (10 K) suggested that the low-temperature phase of the mechanically-
milled Li;OHCI has the same structure as that of the room-temperature phase
of the Li,OHCI sample synthesised via a conventional solid-state route, i.e.,
mostly likely an orthorhombic structure in space group Pban. Thus, the *Cl

NMR data presented here supports the NPD data.

4.4 Conclusions

This chapter focused on the synthesis of LiOHCI, which was demon-
strated to be considerably easier than that of Li;OCI. Li;OHCl was successfully
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synthesised via conventional solid-state routes and mechanical milling meth-
ods. In both cases, the sample produced contained predominantly the desired
phase and only a very small quantity of the starting material LiCl and traces
of an additional, as yet unidentified, impurity. The Li,OHCI sample synthe-
sised via a conventional solid-state route adopted what is believed to be an
orthorhombic structure. The sample exhibited a phase transition at ~40 °C to a
cubic structure in space group Pm3m. The diffraction pattern obtained at 50 °C
was analysed via Rietveld refinement using the Pm3m structural model,?'° and
an excellent fit was obtained, thereby confirming that the sample produced is
indeed Li,OHCI. Mechanically-milled Li;OHCI, on the other hand, existed in
a cubic (Pm3m) phase at room temperature. Thus, exhibiting the usefulness of
mechanical milling as it appears to stabilise the cubic phase at room tempera-
ture. However, lowering the temperature does result in a phase transition to a
structure that seems to be the same as that of the room-temperature phase of
Li;OHCI samples synthesised via conventional solid-state routes. The phase
transition was seen to be reversible as an increase in temperature caused the
sample to revert to a cubic symmetry. A further increase in temperature re-

sulted in an increased crystallinity.

As stated earlier, the room-temperature structure of LiOHCI has been
the subject of considerable debate. Several structural models have been pro-
posed, but no single model has been agreed upon. Some models suggested
in the literature included sufficient crystallographic information to generate
a cif. Thereby allowing to test these models by refining the XRD and NPD
data acquired during the current study. It is noted that there were additional
structural suggestions which could not be verified as insufficient crystallo-
graphic information was reported. The models examined included a tetrag-
onal structure in space group P4mm and orthorhombic structures in space
groups Pmc2; and Cmcm proposed by Howard and co-workers.?62!7 The or-
thorhombic structures reported by Hanghofer and co-workers?!? were also
tested. Interestingly, Hanghofer et al.?!? reported the structure of Li,OHCI at
very low temperatures (10 K) to vary from the room-temperature structure, as

an additional Li site appears at low temperatures. Hence, they proposed dif-
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ferent orthorhombic structures in space groups Pmmm and Pban at 300 and 4

K.

Initially, these models were evaluated using the laboratory XRD data.
The ground state tetragonal structure in space group P4mm was found to be
unsuitable as many of the major reflections observed could not be indexed, and
as a result, the refinement could not be completed. In contrast, the orthorhom-
bic models in space groups Pmc2; and Cmcm appeared to be quite promising as
most of the major reflections observed were successfully indexed, and reason-
ably good fits were obtained. However, some of the thermal coefficients for Li
atoms were unusually large. Thus, potentially suggesting inaccuracies within
the structural models. These could include inaccurate atomic positions. A rea-
sonable fit was also obtained using the Pmmm models. However, the thermal
coefficients could not be refined using the 300 K model and had to be heavily
constrained when using the 4 K model. Thus, making them less promising
than the Pmc2; and Cmcm models. Moreover, the presence or absence of an

additional Li site could not be determined for certain.

Surprisingly, the Pban model reported by Hanghofer et al.?'¥ resulted
in an extremely poor fit. Detailed examination of the crystallographic infor-
mation reported by Hanghofer et al.?!” revealed the proposed structure to be
invalid, as the reported atomic coordinates for some of the atoms were not in
agreement with the assigned Wyckoff positions, as per the guidelines speci-
fied for space group Pban in the International Tables for Crystallography.?2
Therefore, a refinement could not be completed. In addition, the fractional oc-
cupancies reported for the structures in space groups Pmmm and Pban did not
indicate a sample composition of LiyOHCI. In fact, the sample composition
was noted to vary significantly from that intended. Thus, suggesting that the
sample investigated by Hanghofer et al.?1? did not have the correct stoichiom-
etry. The Pban model was modified as per the guidelines detailed in the Inter-
national Tables for Crystallography?? to correct the atomic positions. The fit
obtained using the new model appeared to be quite promising. Thus, indicat-
ing that at room temperature, Li,OHCl may exist in an orthorhombic structure

in space group Pban. However, the exact crystallographic details, such as the
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precise atomic coordinates, could not be determined using the laboratory XRD
data. Moreover, the Pban model proposed at 4 K was also altered and tested.
The new Pban 4 K model also provided a very good fit, although the thermal
coefficients for the Li atoms could not be refined freely. Therefore, it can be
said to be less promising. However, given the quality of the fit obtained, it was
challenging to determine the presence or absence of an additional Li site with

any certainty.

Li,OHCI was analysed further via VT NPD at HRPD, ISIS, using a
deuterated sample of LiOHCl prepared by our collaborator. The sample pro-
duced contained the desired phase, residual LiCl and an unidentified impu-
rity phase. The reaction conditions used to prepare the sample differed from
those used for the sample of LiyOHCI used for XRD studies. As a result of the
different reaction conditions used, both the orthorhombic and cubic phases
were present at room temperature. For a comprehensive study of Li,ODCI as
a function of temperature, VT NPD experiments were completed at tempera-
tures ranging from —263 (10 K) to 300 °C. As expected, the diffraction patterns
corresponding to the room-temperature phase of Li;ODCI (recorded at —263
°C (10 K) and 20 °C) looked very different from those corresponding to the
high-temperature cubic phase of Li;ODCI (recorded at 50 °C and above). Ex-
tremely high temperatures were also probed, and the sample was observed to
melt between 290 to 300 °C. In hopes of elucidating the precise structure of the
room-temperature phase of Li,OH/DCl, the diffraction patterns acquired at
—263 °C (10 K) and 20 °C were used to test the various models proposed in the
literature. These included the Pmc2; and Cmcm models proposed by Howard

216,217

and co-workers and the Pmmm models reported by Hanghofer and co-
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workers~"” at 300 and 4 K. The new Pban models adapted from those initially

reported by Hanghofer et al.?!? at 300 and 4 K were also tested.

Initially, the NPD pattern acquired at —263 °C (10 K) was analysed as
it is typically easier to determine precise atomic coordinates at low tempera-
ture owing to a lesser degree of thermal motion when compared to ambient
temperature. Unfortunately, none of the models mentioned above provided a

particularly good fit. The Pmc2; model resulted in an extremely poor fit, and
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structural parameters such as the atomic coordinates, fractional occupancies
and thermal coefficients could not be refined. The fit improved when using
the Cmcm model. However, the overall quality remained moderate. Again,
most structural parameters could not be refined to sensible values. The Pmmm
model proposed at 300 K also provided a moderate fit, and parameters such as
the atomic coordinates and the corresponding fractional occupancies were suc-
cessfully refined. However, the composition obtained deviated significantly
from Li,ODCIl. Unfortunately, the quality of the fit declined when using the
Pmmm model proposed at 4 K. The atomic coordinates for all atoms could be
refined. However, the corresponding fractional occupancies could not be de-
termined as a negative occupancy was obtained for Li5, the additional Li site.
Moreover, the thermal coefficients could not be refined for either Pmmm model.
Surprisingly, the new Pban models adapted from those proposed at 300 and 4
K did not provide a good fit. Structural parameters such as the atomic coordi-
nates and the corresponding fractional occupancies were successfully refined.
However, the compositions indicated by the fractional occupancies deviated
considerably from Li,ODCl, and the thermal coefficients could not be refined

at all.

All these models were also tested using the NPD pattern obtained
at 20 °C, and the goodness of fit increased in all cases. Unfortunately, the
overall quality of fit remained low for the Pmc2; and Cmcm models as sev-
eral structural parameters could not be refined. Although, the fit obtained
using the Cmcm model was a little better when compared to the Pmc2; model.
The Pmmm model proposed at 300 K provided a very good fit, and all struc-
ture parameters, including the isotropic thermal coefficients, were successfully
refined. However, the composition determined was shown to deviate from
Li,ODCI. The Pmmm model proposed at 4 K also resulted in a similar fit. How-
ever, the atomic coordinates for Li5, the additional Li site, could not be refined.
Thus, suggesting that this site may not be present at room temperature. The
new Pban 300 K model also provided a very good fit, albeit the isotropic ther-
mal coefficients had to be heavily constrained to achieve reasonable parame-

ters. Similarly to the Pmmm models, the composition corresponding to the de-
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sired phase differed significantly from that intended. The new Pban 4 K model
resulted in a similar fit to the 300 K model. It is unclear whether an additional
Li site exists as neither model appears to be favoured over the other. Overall,
the fit obtained using the Pban models was not as good as initially expected
following the analysis of the laboratory XRD data. Thus, the precise structure
of the room-temperature phase of Li;OH/DCl is still not known for certain.
However, the findings presented in the current study strongly indicate that, at
room temperature, LipOH/DCI most likely adopts an orthorhombic structure
in space group Pban. Moreover, at extremely low temperatures, the structure
of Li,OH/DCI appears to differ somewhat from the room-temperature struc-
ture. At 20 °C, the Li,ODCI sample also contained the cubic Pm3m phase of
Li,OH/DCI. This phase was also included during the Rietveld analysis. In
some cases, the atomic coordinates of D could be refined. However, the coordi-
nates obtained differed significantly from those reported for H by Hanghofer et
al.?1% Additional structural parameters such as the fractional occupancies and
isotropic thermal coefficients could not be refined at all. Lastly, the residual
LiCl phase was also included during analysis. However, thermal coefficients

could not be refined in any case for the LiCl phase.

The NPD patterns obtained at 50 and 150 °C were also analysed to
investigate the cubic (Pm3m) phase of LiyOH/DCI. Interestingly, the high-
temperature phase of Li,OH/DCI was not as easy to characterise as initially
expected. The cubic structure of LiyOH/DCI in space group Pm3m has been
widely reported. However, specific crystallographic information regarding the
H/D atoms, i.e., the atomic coordinates, is severely lacking. Thus, the model
reported by Hanghofer et al.?! for a hydrated sample of “Li;OCl” was used
during analysis. As expected, the Pm3m model could index all reflections cor-
responding to Li,OHCl. However, parameters such as the fractional occupan-
cies for Li and D could not be refined. Thus, the precise composition of the
desired phase could not be determined. Additionally, the isotropic thermal
coefficients could not be refined freely for all atoms, and the coefficients for O
and D had to be constrained to be equivalent to obtain sensible values. Overall,

the goodness of fit achieved was a lot lower than expected.
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Eilbracht and co-workers?!® suggested that the protons in LiyOHCl/Br
are statically disordered around the oxygen in four possible positions, making
precise characterisation difficult. This may be true for the cubic Pm3m phase at
room temperature and can explain why the parameters such as the fractional
occupancies and thermal coefficients could not be determined for D at 20 °C.
However, Li;OHCl is a known Li-ion conductor and is likely to exhibit Li-ion
mobility at elevated temperatures (50 and 150 °C). Moreover, OH/OD groups
are also capable of exhibiting motion. Typically, OH/OD groups often exhibit
rotational motion in solids. Therefore, the inability to freely refine the ther-
mal coefficients for D and obtain fractional occupancies for Li and D may be a
consequence of ion mobility within LiyOH/DCI. Thus, suggesting that precise
characterisation of Li and H/D is very challenging. This also explains the lack

of crystallographic information in the literature regarding the H/D positions.

Furthermore, the deuterons are likely to exchange with protons over
time, making it challenging to obtain a good fit using the Li,ODCI model.
Hence, the NPD patterns obtained at 50 and 150 °C were also analysed us-
ing the Pm3m (LipOHCI) model containing H instead of D. Initially, the fits
obtained appeared to be much better. However, the coordinates determined
for H atoms did not agree with those reported in the literature.?!? Although, it
must be noted that, to date, only one study has reported the coordinates for H
in a system close to LiyOHCI.2!? The fractional occupancies for Li and H were
refined successfully. However, the compositions obtained varied drastically
from Li;OHCI. Moreover, the isotropic thermal coefficients for all atoms were
freely refined, and the resulting values were in good agreement with those re-
ported in the literature.! Overall, neither model appears to be favoured over
the other, making the precise characterisation of the high-temperature phase
quite challenging. This is most likely due to the H/D exchange and ion mo-
bility occurring in the sample. Hence, refinements were also attempted using
a single model containing both H and D. However, the structural parameters
determined were the same as those obtained using two separate models, and
the relative proportions of H and D could not be determined as the fractional

occupancy for D could not be refined successfully.
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Mechanically-milled Li;ODCl, prepared by our collaborator, was also
analysed via NPD at HRPD between —263 (10 K) and 150 °C. The patterns
obtained at 20 and 150 °C were analysed using the Pm3m models. The fits
obtained appeared to be quite reasonable. However, in both cases, it was
not possible to refine the atomic coordinates for D. The fractional occupan-
cies for Li and D could not be refined either. As stated earlier, this is most
likely due to static disorder or ion mobility in this system in the cubic phase,
which would make it challenging to determine their precise location and frac-
tional occupancy. The new Pban 300 K model was used to analyse the NPD
pattern obtained at —263 °C. The fit obtained was moderate. Thus, suggest-
ing that at low temperatures, mechanically-milled Li,OHCI likely adopts the
same orthorhombic structure as that of the sample prepared via conventional

solid-state routes.

Furthermore, Li;OHCI] was analysed via multinuclear SSNMR spec-
troscopy to complement the XRD and NPD data obtained to assist in the elu-
cidation of the room-temperature structure of LiOHCl and to gain additional
structural information regarding the high-temperature cubic phase of Li;OHCI.
The 'H and “Li MAS NMR spectra of Li;OHCl at 33 °C indicated a single, rela-
tively broad resonance, and as such, it was not possible to determine the num-
ber of distinct H and Li sites present accurately. In both cases, an increase in
temperature resulted in significant line narrowing, as expected following the
phase transition to a higher symmetry structure. At 24 °C, the ”Li static NMR
spectrum exhibited a dipolar broadened lineshape along with satellite transi-
tions. Again, no distinct Li sites could be determined owing to considerable
broadening and overlap. Here too, an increase in temperature to 54 °C resulted
in a narrowing of the resonance, as expected following the phase transition to

a cubic symmetry.

The ¥Cl MAS NMR data obtained indicated the presence of at least
three distinct Cl sites in the room-temperature phase of Li,OHCI. As expected,
all sites determined had a relatively low value of Cq and a mid to high nq, in-
dicating a non-symmetrical structure. It is noted that none of the structural

models discussed earlier for the room-temperature phase contained three dis-
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tinct Cl sites. However, NMR is a local probe and therefore suggests the pres-
ence of three distinct Cl sites only locally. Interestingly, the high-temperature
cubic phase in space group Pm3m has just one crystallographically distinct Cl
site. However, two distinct Cl sites were identified via 3°>Cl MAS NMR. This
suggests that Cl possibly experiences two different local environments despite
occupying a single crystallographic site. Moreover, Li3OCl is suggested to be
pseudo-cubic. Hence, Li,OHCl may also be pseudo-cubic, and the actual sym-
metry may be lower than initially anticipated. Overall, the 3°Cl MAS NMR
data presented has proven to be extremely valuable as it has provided consid-
erable insight into the local structure of Li;OHCI, at both room and elevated

temperatures.

Mechanically-milled Li,OHCl was also studied via multinuclear NMR
to complement the diffraction studies presented. The 'H and “Li MAS NMR
spectra exhibited single resonances indicative of single H and Li sites. In
both cases, the lineshapes observed looked very similar to those obtained for
the high-temperature cubic phase of LiOHCI synthesised via conventional
solid-state methods. VT 3°Cl NMR experiments completed at —19 and 33 °C
suggested that the mechanically-milled Li,OHCI undergoes a phase transi-
tion to lower symmetry upon decreasing the temperature. As with the 'H
and 7Li NMR data, the 3>Cl NMR spectrum obtained at 33 °C exhibited a
lineshape similar to that observed for the cubic phase of LiOHCI synthe-
sised via conventional solid-state methods. Lineshape analysis indicated two
distinct CI sites, which again looked similar to those observed for the high-
temperature cubic phase of Li)OHCI. The lineshape obtained at —19 °C closely
resembled that of the room-temperature orthorhombic phase of Li,OHCI. Ad-
ditionally, three distinct sites were obtained, which again looked similar to
those observed for the room-temperature orthorhombic phase of Li,OHCIL.
Thus, supporting the VI NPD studies presented, which demonstrated that the
mechanically-milled Li,OHCI undergoes a phase transition to an orthorhom-

bic phase at lower temperatures.

Overall, the synthesis of LiyOHCI has been demonstrated both via con-

ventional solid-state routes and mechanical milling. The synthesis methods
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and reaction conditions used appear to greatly influence the sample composi-

tion and phase obtained, making Li;OHCI a versatile material.
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5 Li;_yOH,CI (x = 0.25, 0.5 and 0.75)

5.1 Introduction

As demonstrated previously in Chapter 3, synthesising a phase pure
sample of Li3OCl is extremely challenging. However, the synthesis of materi-
als belonging to the series Liz—xOHyCl has been reported in the literature. 23218
Thereby indicating that it is possible to produce materials with variable lithium

and proton content.

Schwering and co-workers have reported the synthesis of Lis 170Hj g3-
CL.213 Unlike Li;OHCI, Lip170H, 83Cl was reported to adopt a cubic structure
at room temperature in space group Pm3m with a lattice parameter of 3.9035 A,
and Schwering et al.,?'3 suggested this was due to an increase in the Li content.
Lip 170H( 83Cl was also investigated at lower temperatures, and it was found
to undergo a phase transition at —60 °C to tetragonal symmetry. However, no

specific structural information was provided.

As discussed earlier, Song and co-workers have investigated the series
Li3_xOH,CI (x = 0.3 — 1).%!8 Li,OHCI was proposed to adopt an orthorhombic
structure in space group Pmmm at room temperature and transition to a cubic
(Pm3m) phase via an intermediary tetragonal (P4/mmn) phase. The same pat-
tern was observed for Liy 4OHgCl, whereas Lip 1OHoCl is reported to tran-
sition directly from an orthorhombic to cubic phase. However, detailed crys-
tallographic information was not provided, making it challenging to confirm

these claims and evaluate the reported structures.

This chapter details the attempts to modify the structure of Li,OHCl
by varying the Li and consequently the H content to produce samples in the
series Li3_yOH\Cl (x = 0.25, 0.5 and 0.75). The samples prepared have been
characterised via XRD, NPD and multinuclear SSNMR and the resulting find-

ings are discussed in the following sections.
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5.2 Experimental

5.2.1 Synthesis

Samples in the series Liz_yOH\Cl, x = 0.25 — 0.75, were synthesised
via the Schlenk line method described in Chapter 3. Stoichiometric amounts
of LiCl (Alfa Aesar, ultra dry, 99.9%) and LiOH (Acros Organics, anhydrous,
98%) were mixed and ground together in an agate mortar and pestle inside an
Ar-filled glovebox. The powdered samples were placed in an alumina crucible
that was placed inside a quartz tube. The quartz tube was sealed, removed
from the glovebox, connected to a conventional Schlenk line apparatus and
evacuated to 10~ mbar for 1 hr. All samples were heated at 350 °C for 30
mins. Once the reaction was complete, the sealed quartz tube was removed
from the furnace and allowed to cool to room temperature. Once cooled, the
tube was returned to the Ar-filled glovebox, where the product was recovered.
A sample of Li; 50H5Cl was deuterated for 2H NMR and NPD experiments
using the Schlenk line procedure, and the deuterated starting reagent LiOD.

5.2.2 X-ray Diffraction

All samples were ground using an agate mortar and pestle and packed
into 0.7 mm special glass capillaries, inside an Ar-filled glovebox. All XRD pat-
terns were recorded on a Bruker d8 diffractometer using Mo (A = 0.71073 A)
radiation. All scans were acquired for 20 = 5 —45°, with a step size of 0.01° and
a step time of 2 seconds. During all scans, the capillary was continually ro-
tated at 60 rpm to reduce the effects of preferred orientation. VT XRD patterns
were also acquired using a Bruker d8 diffractometer, where the temperature
was increased at 2 °C per hr from 25 to 50 °C, whilst continuously recording
the diffraction pattern. The experimental temperatures were controlled via an
Oxford Cryosystems Cryostream and set using the Cryopad control software.
Rietveld analysis was performed using the GSAS-II software.!®® Parameters
including the background coefficients, lattice parameters, isotropic thermal co-

efficients and the profile coefficients were refined.
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5.2.3 Neutron Powder Diffraction

A deuterated sample of Li 750Hj 25Cl synthesised via the Schlenk line
method described above was analysed using HRPD at ISIS Neutron and Muon
Source, Oxford, UK. The sample was packed into a 5 mm aluminium-framed
slab can with vanadium windows. The body of the can and fixing screws were
masked with Cd foil, and the can was sealed using indium wire. The can was
then mounted into a top-loading CCR and a diffraction pattern was recorded
at room temperature. Specific details regarding the number of counts acquired
are provided in the relevant figure caption. Rietveld analysis was performed
using the GSAS-II software.'>® Parameters including the background coeffi-
cients, instrumental parameters, lattice parameters, isotropic thermal factors,

atomic positional coordinates and the profile coefficients were refined.

5.2.4 Solid-State NMR

All solid-state NMR spectra were acquired using a Bruker 500 Avance
IIT HD spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, using
Larmor frequencies of 499.69 MHz for 'H (I = 1/2), 194.20 MHz for “Li (I =
3/2) and 49.00 MHz for %Cl (I = 3/2). Powdered samples were packed into
conventional 4.0 mm ZrO, rotors under an Ar atmosphere and placed into a
Bruker 4.0 mm HX probe. 'H chemical shifts were referenced to neat tetram-
ethylsilane, by setting the resonance from a sample of adamantane to ;o =
1.9 ppm. 7Li and %°Cl chemical shifts were referenced to 1 M LiClaq) and TM
NaCl(,q), respectively. Standard VT 'H, 7Li and *>Cl MAS NMR experiments

were completed between 33 and 52 °C using conventional hardware.

'H MAS NMR spectra were acquired using a background suppres-
sion (DEPTH) ! experiment with typical 7t/2 and 7 pulse lengths of 4 and 8
us, respectively. Conventional “Li MAS NMR spectra were obtained using a
single-pulse experiment with a typical pulse length of 1.5 us. During acqui-
sition, proton-decoupling was applied using SPINAL-64, ' with a RF field of
32 kHz. Typical RF fieldstrengths of 62 — 166 kHz were employed. *°Cl MAS
NMR spectra were acquired using a hahn-echo (90°% — t - 180°, — 1) experi-
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ment with a pulse length of 4 ps. Specific details regarding the recycle delays
and MAS rates used are provided in the relevant figure captions. In all cases,
quoted temperatures have been calibrated and reflect the true temperature of
the sample during the experiment. Selected NMR spectra were fitted using the
SOLA tool in Topspin 4.0.

5.3 Results and Discussion

5.3.1 Synthesis

In this study, samples of Liz_ OH\Cl, x = 0.25, 0.5 and 0.75, were syn-
thesised via the Schlenk line method described in Chapter 3 as follows,

LiCl + 2 — xLiOH — Liz_yOH,Cl + 1 — xH,O . (5.1)

During synthesis, water is produced as a by-product, and the Schlenk line
method allows for water to be removed as it is formed. All samples were
prepared using a reaction temperature of 350 °C and a reaction time of 30
mins. The XRD patterns obtained for the samples produced are shown in Fig-
ure 5.1(a), and an expanded region between 20 = 9 — 25° is shown in Figure
5.1(b). Also shown are the XRD patterns for Li,OHCI at room temperature
(tirst shown in Figure 4.4) and a sample of Li3OCl synthesised via the Schlenk
line method under the same reaction conditions (first shown in Figure 3.5). A

simulated diffraction pattern for Li3OCl in space group Pm3m is also shown.

All experimental diffraction patterns look very similar, as they all con-
tain reflections at the same 26 positions. Thus, suggesting that the same phase
observed for Li;OHCI at room temperature is also observed across the series.
Closer inspection of the XRD patterns shows a slight variation in the relative
peak intensities. It is noted that the XRD patterns for samples where Li > 2
exhibit additional reflections in places where those for the cubic phase (Pm3m)
would be expected. Thus, suggesting the samples may also contain the cubic
phase at room temperature. However, most of the reflections corresponding
to the room-temperature and cubic phase will occur at similar positions, re-
sulting in a significant overlap. Hence, it is challenging to identify the phases

present from a visual inspection of the data alone. The LizOCl samples (dis-
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Figure 5.1: X-ray diffraction patterns obtained for the series Li;_OH,Cl where x = 0, 0.25,
0.5 and 0.75. All samples were synthesised using the Schlenk line method. The reaction
temperature was 350 °C and the reaction time was 30 mins. Also shown for comparison is
the XRD pattern for Li,OHCI, synthesised using the muffle furnace method. A simulated

diffraction pattern for Li3OCl in space group Pm3m is also shown.

cussed in detail in Chapter 3) synthesised using LiCl and LiOH were observed
to contain additional phase(s) along with a small quantity of the desired phase.

A comparison of the diffraction pattern corresponding to LizOCl with that of
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Li;OHCI shows that some of those additional reflections likely correspond to
the hydrated phase, LiyOHCI. This suggests that a lot of the Li3OCl samples
discussed in Chapter 3 contained LiOHCI as an impurity phase. Finally, it is
noted that all patterns exhibit additional reflections at 20 = 8.79, 14.24 and
15.81°, shown more clearly in Figure 5.1(b). Earlier, these reflections were
demonstrated to correspond to an unidentified impurity phase (Figure 4.6).
These reflections appear to increase in intensity with increasing Li content,
suggesting that attempts to increase the Li content in the Liz_yOH,Cl system
result in an increased quantity of the impurity phase. This also implies that the
actual composition of the desired phase in these samples may vary from that

intended as some of the reagents will be used to form the impurity phase.

The diffraction patterns obtained for samples in the Liz_yOHCl (x =
0, 0.25, 0.5 and 0.75) series were analysed via the Rietveld method. As dis-
cussed earlier, the exact structure of the room-temperature phase of Li,OHCI
is not yet confirmed. However, the orthorhombic structure in space group
Pban, adapted from the one reported in the literature,?'? has shown the great-
est promise. Hence, the new Pban model was also used here for the Rietveld
analysis, in addition to the Pm3m model.?'? The refinements completed are
shown in Figure 5.2, and the corresponding structural parameters are listed in
Table 5.1. Initial inspection of the refinements shows that the fits obtained are
of a reasonable quality. However, the goodness of fit exhibits a steady decline
with increasing Li content. This is most likely due to a concomitant increase
in the amount of impurity phase produced with increasing Li content. Most
reflections are successfully indexed using the Pban and Pm3m models. Thus,
supporting earlier suggestions that both the orthorhombic and cubic phases
are present at room temperature. In all cases, the lattice parameters obtained
for the Pban phase are very similar to the parent material, Li,OHCI. Thus,
demonstrating that variation in the Li content does not result in any signifi-
cant changes to the lattice parameters. This was also the case for the Pm3m

phase, as very similar lattice parameters were observed across the series.

As stated earlier, the presence of the impurity phase in the samples im-

plies that the composition of the desired phase may not be as expected. Thus,
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Figure 5.2: Rietveld refinements of the XRD data obtained for samples in the series
Liz_xOH,Cl where x = (a) 0.75, (b) 0.5, (c) 0.25 and (d) 0. All samples were synthesised
using the Schlenk line method. The reaction temperature was 350 °C and the reaction time
was 30 mins. (a) x* = 6.03, wR;, = 14.22%, R, = 9.17%. (b) x> = 14.15, wR, = 22.46%, R, =
14.29%. (c) x* = 19.65, WR,, = 27.35%, Ry, = 16.49%. (d) X* = 29.46, wR,, = 31.37%, R}, = 19.87%.

to determine the exact composition of the desired phase, the fractional occu-
pancies of Li and H in the Pban phase were refined. It is noted that the labora-
tory XRD data does not offer sufficient resolution to detect very light elements.
However, the Pban phase contains multiple Li and H sites and structural de-
tails for the system Liz_yOH,Cl (x < 1) have not been reported in the litera-
ture. Thus, the ideal fractional occupancies for Li and H sites are currently un-
known. Hence, it was hoped that refining the corresponding fractional occu-
pancies would at least allow for a rough estimate. The fractional occupancies
for O and CI were fixed at 0.25. In all cases, the fractional occupancies for Li
and H were successfully refined. The resulting values suggest a composition of
Liz 00OH1.632Cl, Li1.6560H2.368Cl, Li1.7840H2112Cl and Liy 5880H2.656Cl for sam-
ples in the Li3_ OH,Cl system, where x was intended to be 0.75, 0.5, 0.25 and 0,
respectively. Unfortunately, these formulae are not charge-balanced and differ
from the intended compositions. Moreover, the fractional occupancies for Li

and H in the Pm3m phase could not be refined in any case, whereas satisfactory
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Table 5.1: Structural parameters for samples in the Li;_yOH,Cl series where x = 0.25, 0.5, 0.75
and 1, obtained from Rietveld refinement of the XRD data using isotropic thermal coeffi-
cients. Liy s0H75Cl: space group Pban, a = 7.75968(17) A, b = 8.01122(17) A, c = 3.83280(8)
A, V =238.264(6) A3, phase fraction = 97.14(13)%. Space group Pm3m, a = 3.91158(22) A, V =
59.849(10) A3, phase fraction = 2.86(13)%. x* = 6.03, wRy, = 14.22%, Ry, = 9.17%. Li» 50H,5Cl:
space group Pban, a = 7.75937(36) A, b = 8.01124(34) A, c = 3.83288(17) A, V = 238.260(13) A3,
phase fraction = 98.13(9)%. Space group Pm3m, a = 3.90099(61) A, V = 59.364(28) A3, phase
fraction = 1.87(9)%. x? = 14.15, wRp = 22.46%, Rp = 14.29%. Liz750Hg25Cl: space group
Pban, a = 7.76263(45) A, b = 8.01064(44) A, c = 3.83259(22) A, V = 238.325(16) A3, phase frac-
tion = 97.99(14)%. Space group Pm3m, a = 3.91076(69) A, V = 59.811(32) A3, phase fraction =
2.01(14)%. x% = 19.65, wWR,, = 27.35%, R}, = 16.49%. LizOCl: space group Pban, a =7.76783(79)
A, b =8.00718(74) A, c = 3.83355(37) A, V = 238.441(28) A3, phase fraction = 96.06(23)%. Space
group Pm3m, a =3.91260(74) A, V = 59.896(34) A%, phase fraction = 3.94(23)%. x> = 29.46, wR,,
=31.37%, Ry, = 19.87%.

Atom X y z Occ. Uliso) x 100 (A?)
Liz 250Ho.75Cl
Pban
Lil 0.0373 0.25 0 0.256(8) 2.60(60)
Li2 0.25 ~0.0049 0 0.082(8) 2.04(145)
Li3 0.0741 0.0037 0.4540 0.083(6) 4.07(150)
o1 0 0 0 0.25 2.16(13)
H1 0.0834 0.0016 0.1296 0.188(22) 2.16(13)
H2 0.0399 0.4681 0.2168 0.016(23) 2.16(13)
Cl1 0.25 0.25 0.5 0.25 2.31(22)
Cl2 0.75 0.25 0.5 0.25 2.08(21)
Pm3m
Li 0.5 0 0 0.75 18.71(352)
0 0 0 0 1 0.84(55)
H 0.1279 0.1279 0.1279 0.0938 0.84(55)
cl 05 0.5 0.5 1 3.72(41)
Li» 50H(5Cl
Pban
Lil 0.0373 0.25 0 0.218(7) 2.5
Li2 0.25 —0.0049 0 0.080(7) 2.5
Li3 0.0741 0.0037 0.4540 0.058(5) 2.5
01 0 0 0 0.25 2.5
H1 0.0834 0.0016 0.1296 0.148(9) 2.5
H2 0.0399 0.4681 0.2168 0.148(9) 2.5
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isotropic thermal coefficients could only be obtained for the “Lip 250Hg 75C1”
sample. The coefficients for O and H atoms were constrained to be equivalent,
and the coefficients obtained for all atoms in the Pban phase appear quite rea-
sonable. However, an unusually high coefficient is obtained for Li in the Pm3m
phase. For all other samples, it was not possible to obtain sensible thermal
coefficients as any attempts at refinement produced several extremely large,
negative values. Hence, all thermal coefficients were fixed at 2.5 x 1072A2. As
all of these refinements were completed using two phases, the phase fractions
were also determined to identify the relative amounts of each phase present.
According to the phase fractions obtained (Table 5.1), all samples are predom-
inantly composed of the Pban phase, and the Pm3m phase is present in small
quantities (<4%). However, it is noted that the exact sample compositions
could not be determined, as the samples also contain an unidentified impurity
phase which is unaccounted for during the refinements. Hence, these phase

fractions can only be used as estimates.

Overall, the findings presented here demonstrate that samples in the
series Li3_yOH,Cl (x = 0.25, 0.5 and 0.75) adopt the same orthorhombic phase
at room temperature as the parent material, Li,OHCl. However, a small amount
of the high-temperature cubic phase is also formed. Unfortunately, the sam-
ples produced are not phase pure. All samples appear to contain the same
impurity phase(s), the amount of which appears to increase with increasing
Li content. Thus, suggesting that the actual Li and H content of the desired
phases will be different from that intended, as some of the reagents will be
used to produce the impurity phase. These findings differ from those reported
by Schwering et al.,*!> who claimed that an increase in the Li content sta-
bilises the cubic structure at room temperature. Thus, the phase transition
to a lower symmetry is suppressed. As such, the composition Lij 170Hg g3Cl
was reported to exist in a cubic structure in space group Pm3m at room tem-
perature. In the current study, samples with a Li content > 2 appear to con-
tain only a very small amount of the cubic phase, suggesting that the observa-
tions made by Schwering et al.?!* cannot be explained by the higher Li content

alone. Hence, the stabilisation of the cubic phase at room temperature must
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be due to a combination of the higher Li content (> 2) and the reaction con-
ditions used. Indeed, there is a key difference between the methods used to
vary the Li content in Li3_xOH,Cl, in this study and by Schwering et al.?!3 In
the current study, the stoichiometry of the reagents was varied to modify the

1.,%13 on the other hand, claim

composition of the desired phase. Schwering et a
to have doped Li;OHCI with Li via annealing the as-prepared Li,OHCI sam-
ple with Li metal in an Ag crucible. Thus, it is possible that the cubic phase
is stabilised because of the annealing process. Song and co-workers?!® have
also studied the Liz_yOHCl system where x was varied from 0.3 to 1 and sam-
ples of Li,OHCI, Liz ;OHg 9Cl, Liz 4OHg ¢Cl and Lip 7OH( 3C1 were synthesised.
Their method involved preparing Li;OHCI using a conventional solid-state
synthesis and subsequently using n-butyllithium as a deprotonation agent to
adjust the H and, in turn, the Li content. Song et al.?!8 reported all samples to
exist in an orthorhombic phase in space group Pmmm. However, no specific
crystallographic details were reported. Hence, their claims cannot be verified.

However, it appears that the phases observed for samples in the Liz_ OH,Cl

system are greatly influenced by the reaction conditions used.

5.3.2 Phase Transition

As demonstrated earlier, the parent material, Li,OHCI, undergoes a
phase transition from orthorhombic to cubic symmetry at around 40 °C (Figure
4.5). Hence, samples in the series Li3_yOH,Cl (x = 0.25, 0.5 and 0.75) were
analysed via VT XRD to determine if the same phase transition occurs in these
compositions. To do so, each sample was gradually heated from 30 to 50 °C.
The corresponding XRD patterns are shown in Figure 5.3. In a similar manner
to LipOHCl, samples in this series also exhibited a phase transition to cubic
symmetry in space group Pm3m at ~40 °C. The XRD patterns at 50 °C appear
to be very similar to that of the high-temperature cubic phase of Li,OHCI.
Thus, suggesting that these materials also adopt a cubic structure at 50 °C. It is
noted that the reflections believed to correspond to an impurity phase remain
unchanged. The XRD patterns obtained for all samples at 50 °C were analysed

via Rietveld refinement using the Pm3m structural model. The refinements are
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Figure 5.3: X-ray diffraction patterns obtained for samples of (a) Liy»>50H(75Cl (b)
Liz50H5Cl (¢) Liz750H(25Cl during a variable-temperature study in which the temper-
ature was gradually increased from 30 to 50 °C. All samples were synthesised using the
Schlenk line method. The reaction temperature was 350 °C and the reaction time was 30

mins.
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shown in Figure 5.4, and the corresponding structural parameters obtained are

detailed in Table 5.2.

In each case, all major reflections are successfully indexed using the
Pm3m model. Thus, confirming that the high-temperature phase in these com-
positions exists in a cubic symmetry in space group Pm3m. Tt is noted that
some minor reflections are not indexed using the Pm3m model. As stated ear-
lier, these reflections are believed to correspond to an impurity phase. A com-
parison of the diffraction patterns recorded at 50 °C across the series shows
that the reflections corresponding to the impurity phase increase in intensity
with increasing Li content. Consequently, the goodness of fit achieved de-
creases with decreasing x in Liz_yOHxCl. As mentioned earlier, the presence
of an impurity phase suggests that the composition of the desired phases is
not as intended, and the value of x in all the Liz_ OH,Cl samples is likely to be
higher than expected. Thus, the fractional occupancies for Li and H were re-
fined in an attempt to determine the exact composition of the desired phase(s).
All refined occupancy values are quite similar, suggesting little variation in
the composition across the series. The values obtained suggest a composi-
tion of Lij.9890OH1 09Cl, Lij 9s0OH;j 48Cl and Lip 0OHj 208Cl for samples where x
is expected to be 0.75, 0.5 and 0.25, respectively. These formulae suggest that
the composition of the desired phases is similar to Li,OHCI. It is noted that
none of these formulae are charge-balanced. Moreover, they differ from those
obtained earlier using the room-temperature XRD data for the same samples.
This is unsurprising as it is extremely difficult to detect light atoms via labora-
tory XRD. Furthermore, the presence of an unidentified impurity phase makes
the analysis difficult owing to multiple overlapping reflections. Thus, the exact
composition of the desired phase is very challenging to determine. Isotropic
thermal coefficients were also determined, and most coefficients are quite rea-
sonable, except those corresponding to Li, which are unusually large. A sim-
ilar observation was made earlier for the parent material, LiyOHCl, where an
unusually large isotropic thermal coefficient was determined for Li. However,
it was in agreement with the values reported in the literature by Hanghofer

et al.?!0 for a similar composition, Lij gsOH;j 16Cl. To date, detailed structural
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Figure 5.4: Rietveld refinements of the XRD data acquired at 50 °C, for samples of (a)
Liz250H(75Cl (b) Liz50H5Cl (¢) Lip750Hg25Cl, using the Pm3m model.?!? All samples
were synthesised using the Schlenk line method. The reaction temperature was 350 °C and
the reaction time was 30 mins. (a) x* = 8.16, wR;, = 16.12%, Ry, = 10.77%. (b) x> = 13.04, wR,,
= 21.89%, R, = 12.90%. (c) x* = 16.29, WRy, = 24.78%, R, = 14.40%.

248



Table 5.2: Structural parameters for samples in the Li;_xOHCl series where x = 0.25, 0.5 and
0.75 at 50 °C, obtained from Rietveld refinement of the XRD data using isotropic thermal
coefficients. Liy»50H( 75Cl: space group Pm3m, a = 3.91815(5) A, V = 60.151(2) A3. x2 = 8.16,
wR;, =16.12%, R, = 10.77%. Li; 50Hg5Cl: space group Pm3m, a = 3.91517(7) A, V = 60.014(3)
A3. x* =13.04, wR, =21.89%, Ry, =12.90%. Liz 750Hy25Cl: space group Pm3m, a = 3.91843(10)
A,V =60.164(4) A3. x® =16.29, wRy, = 24.78%, R}, = 14.40%.

Atoms x y z Occ. Ul(iso) x 100 (A?)

Liz 250H0.75Cl1

Li 0.50 0 0 0.663(28) 7.02(77)

0 0 0 0 1 2.52(13)

H 0.1279 0.1279 0.1279 0.136(13) 2.56(13)

Cl 0.5 05 05 1 2.94(7)
Li» 50H(5Cl

Li 0.50 0 0 0.646(35) 6.49(96)

o 0 0 0 1 2.60(16)

H 0.1279 0.1279 0.1279 0.185(17) 2.60(16)

cl 0.5 05 0.5 1 2.93(9)
Liz 750Ho.25Cl

Li 0.50 0 0 0.672(52) 6.77(142)

(@) 0 0 0 1 2.50(24)

H 0.1279 0.1279 0.1279 0.151(25) 2.50(24)

cl 0.5 0.5 0.5 1 2.86(14)

parameters have not been reported for compositions in the series Liz_cOH\Cl
(x < 1). Thus, the thermal coefficients determined in the current study for sam-
ples in the series Li3_xOH,Cl (x = 0.25, 0.5 and 0.75) can only be compared to
the parent material and those reported for Lij 34OH;j 16Cl. As discussed earlier,
the unusually large thermal coefficient obtained for Li in these compositions is
most likely due to inaccurate fractional occupancies and/or Li mobility in the

samples.

It must be noted that these findings differ somewhat from those re-
ported by Song et al 218 According to their reports, Li 4OHy¢Cl transitions

from an orthorhombic phase in space group Pmmm (at 26 °C) to a cubic phase
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in space group Pm3m (at 60 °C) via an intermediary tetragonal phase in space
group P4/mmm (at 40 °C). A similar pattern was reported for the parent ma-
terial, LipOHCI. However, in that case, the intermediary tetragonal phase was
reported to be in space group P4mm. Li1OHg9Cl, on the other hand, was
reported to transition directly from an orthorhombic phase in space group
Pmmm (at 26 °C) to cubic symmetry in space group Pm3m (at 40 °C). No spe-
cific details regarding the phase transition for the composition Li; 7OHg3Cl
were reported. In the current study, all compositions were observed to transi-
tion directly from the orthorhombic phase to the cubic phase and no interme-
diary phases were observed. Moreover, Song et al.2!® observed the formation
of LiCl when heating the samples to induce a phase change. Interestingly, the
formation of LiCl was found to be irreversible, and no Li,O or LiOH was ob-
served. Thus, the authors concluded that it must be due to the formation of
LiCl defects within the structure, as LiCl defects are believed to be more ener-
getically favourable when compared to the Li,O based defects. Again, the find-
ings presented in the current study differ from those reported by Song et al.,*1®
as no LiCl was observed when heating the samples. Thus, the claims made

by Song et al.?'8

regarding the phase transition and LiCl formation cannot be
supported. It is noted that Schwering et al.?!* did not make any comment re-
garding the formation of LiCl upon heating Lis 170H( g3Cl either. Considering
these literature reports, alongside the findings presented in this study, it ap-
pears that variations in the sample preparation method hugely influence the
phases present in the samples. Thus, the reaction conditions used to prepare

the LIRAP samples are essential for tuning the structure in order to promote

Li-ion mobility.

5.3.3 NPD study of Li2.75OD0.25C1

To further investigate the Liz_yOHCl system, a deuterated sample of
Lip 750H( 25C1 was prepared for NPD analysis. The XRD pattern obtained for
the deuterated sample is shown in Figure 5.5. Also shown for comparison is
the XRD pattern for the non-deuterated sample. In the first instance, both pat-

terns appear to be very similar as they exhibit the same reflections. It is noted
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Figure 5.5: X-ray diffraction patterns obtained for the deuterated and non-deuterated sam-
ples of Lij 750H, 25Cl synthesised using the Schlenk line method. The reaction temperature

was 350 °C and the reaction time was 30 mins.

that the relative intensity of these reflections differs slightly. Thus, suggesting
minor differences between the two samples. These differences could be due
to slight variations in the atomic coordinates, fractional occupancies, or the

degree of thermal motion exhibited by the atoms.

The NPD pattern obtained for Lis 750Dy 25Cl is shown in Figure 5.6(a).
An NPD pattern recorded at 20 °C for the parent material, Li,ODCI, is also
shown for comparison. An initial inspection of the patterns shows a signifi-
cant difference in the background observed. Both patterns exhibit reflections
at the same d-spacings. However, the relative intensities of these reflections
vary. This is to be expected given the obvious differences in the sample com-
positions. The diffraction pattern corresponding to Lip 750Dg25Cl contains a
few additional reflections (d = 0.99, 1.15, 1.18, 1.43, 1.54 and 1.82 A) that were
not present in the pattern corresponding to LiODCIl. These are believed to

correspond to the impurity phase(s) present in the sample.

Earlier, the new Pban and Pm3m models were demonstrated to provide

a reasonable fit for the laboratory XRD data corresponding to Lis 750H( 25Cl.
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Figure 5.6: (a) NPD patterns obtained for samples of Li,ODCI (blue) and Li;750Dg.25Cl
(black), synthesised using the muffle furnace and Schlenk line method, respectively. The
data was collected at 20 °C for 322.89 (blue) and 492 (black) pA, using the backscattering
bank at HRPD. (b) Rietveld refinement of the data acquired for Li; 750D025Cl using the
Pban and Pm3m structural models. Reflections corresponding to the sample holder were

excluded and are denoted by *. x? = 42.80, WR;, =9.05%, Rp = 5.21%.
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However, the laboratory XRD data is not suitable for determining accurate
atomic coordinates. Thus, it was hoped that the NPD data would enable the
atomic coordinates to be refined, in turn, providing an accurate and precise
structural model. The Rietveld refinement completed using the new Pban and
Pm3m models is shown in Figure 5.6(b), and the corresponding structural pa-
rameters are detailed in Table 5.3. As with the earlier refinements, the reflec-
tions corresponding to the sample holder were excluded from the overall fit.
This was done by fitting them as background peaks. The fit obtained ap-
pears to be of a moderate quality with a x* = 42.80 and wR;, = 9.05%. All
major reflections believed to correspond to the desired phase are successfully
indexed via the Pban and Pm3m models. A few reflections that are believed
to correspond to the impurity phase have not been indexed. Inspection of
the structural parameters indicates that the lattice parameters determined are
similar to those obtained earlier via the laboratory XRD data corresponding
to Liz 750Hy 25Cl. However, there is a noticeable difference between the phase
fractions. The deuterated sample appears to contain 99.37(14)% of the Pban
phase and 0.63(14)% of the Pm3m phase. It is noted that the impurity phase

Table 5.3: Structural parameters for a sample of Li;750D(25Cl, synthesised using the
Schlenk line method, obtained from Rietveld refinement of the NPD data collected at 20
°C using isotropic thermal coefficients. Li; 750Dy 5Cl: space group Pban: a = 7.75157(33) A,
b =7.99434(24) A, ¢ = 3.82694(15) A, V = 237.150(10) A3, phase fraction = 99.37(14)%. Space
group: Pm3m: a = 3.89943(200) A, V = 59.293(91) A3, phase fraction = 0.63(14)%. x> = 42.80,
WR,, = 9.05%, R, = 5.21%.

Atom x y z Occ. Uliso) x 100 (A?)
Lil 0.0271(22) 0.25 0 0.369(33) 2.09(64)
Li2 0.25 0.0002(336) 0 0.253(81) 10.39(329)
Li3  00784(31)  —0.0187(66)  0.5185(224)  0.107(22) 1.35(142)
o1 0 0 0 0.25 0.30(12)
D1 0.0669(39) 0.0049(99) 0.1016(76) 0.068(14) 2.61(108)
D2 0.0825(28)  0.4868(40)  0.1718(57)  0.077(12) 1.42(77)
Cl1 0.25 0.25 0.5 0.25 0.10(9)
Cl2 0.75 0.25 0.5 0.25 0.10(9)
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present in the sample is not included during the Rietveld analysis. Therefore,
the phase fractions determined do not represent the exact composition of the
sample and can only be used as an estimate. However, it is obvious that most
of the desired phase adopts an orthorhombic structure in space group Pban

and the cubic (Pm3m) phase is present in very small quantities.

Further inspection of the structural parameters indicates that the re-
fined atomic coordinates for Li and D are very similar to those specified ini-
tially for the new Pban model (Table 4.9). The corresponding fractional oc-
cupancies were also determined to identify the exact composition of the de-
sired phase. Unfortunately, the values obtained correspond to a composition
of Liz3360D1.16Cl, a formula that is not charge-balanced and deviates consid-
erably from the intended composition of Lip 750D 25Cl. Moreover, as with
the Li,ODCI sample discussed earlier, here too, the thermal motion had to be
treated as isotropic. Attempts to determine anisotropic thermal coefficients
resulted in several extremely large and some negative values. Inspection of
the isotropic thermal coefficients indicates that most coefficients are reason-
able. However, the coefficient for Li2 is unusually large and has a large error.
Conversely, the coefficients for the O and Cl atoms are too small. It is noted
that, the coefficients for the Cl atoms had to be constrained to be equivalent to
avoid a negative value for Cl1. Unfortunately, for the Pm3m phase, structural
parameters such as the atomic coordinates for D, the fractional occupancies
for Li and D and the isotropic thermal coefficients could not be refined to sen-
sible values. Any attempts at refinement resulted in several negative and/or
extremely large values for multiple parameters. Thus, the atomic coordinates
for D were fixed at x = y = z = 0.1279, as per the details reported in the litera-
ture.?!% The fractional occupancies for Li and D were fixed at 0.917 and 0.031,
respectively, to indicate a composition of Li 750Dq 25Cl1 and the isotropic ther-

mal coefficients were fixed at 2.5 x 1072 A2,

Overall, the new Pban and Pm3m models appear to provide a reason-
able fit for the NPD data. Thus, strongly suggesting that ”Lis 750Dg 5Cl” also
adopts the same orthorhombic phase as the parent material, Li,OHCl. Addi-

tionally, a small amount of the cubic phase in space group Pm3m is also present
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at room temperature. Unfortunately, some of the structural parameters deter-
mined, e.g., the fractional occupancies and the thermal coefficients are not fully
reliable, as the values obtained differ drastically from those expected. More-
over, structural parameters for the Pm3m phase could not be determined at all.
It is possible that the structure of “Liy 7s0H /Dy 25Cl” differs somewhat from
the parent material, LipOH/DCI. Therefore, the new Pban model may not be a
truly accurate description of the structure. This, in turn, makes it difficult to de-
termine sensible structural parameters. However, the most probable cause for
this is likely to be the presence of an impurity phase in the sample. The labora-
tory XRD data obtained for samples in the series Liz_xOH\Cl (x = 0.25, 0.5 and
0.75) showed that the amount of the impurity phase produced increases with
increasing Li content. Thus, suggesting that a sample of “Liy 7s0H /Dy 25Cl”
contains a significant amount of the impurity phase. Therefore, there is likely
to be a significant overlap between the reflections corresponding to the desired
phase and the as yet unidentified impurity phase, in turn, making precise sam-

ple characterisation extremely challenging.

5.3.4 'H and ’Li NMR Studies of Li;_,OH,Cl (x = 0.25, 0.5 and 0.75)

Samples in the series Liz_yOHLCI (x = 0.25, 0.5 and 0.75) were also in-
vestigated via multinuclear SSNMR, and both the room- and high-temperature
phases were analysed. The 'H and 7Li MAS NMR spectra acquired for Liz_xO-
H,Cl (x = 0.25, 0.5 and 0.75) at 33 and 52 °C are shown in Figure 5.7. In a
similar manner to LiOHCI, a single relatively broad resonance is observed
in all cases. At 33 °C, both the 'H and “Li resonances are broad with intense
spinning sidebands. All 'H spectra exhibit just a few spinning sidebands, typ-
ically characteristic of OH groups. At 52 °C, the resonances begin to narrow
and the spinning sidebands reduce in intensity. This change in appearance
for both the 'H and “Li NMR spectra can be attributed to the phase transition
to a cubic structure in space group Pm3m. As discussed earlier, a change in
structure to higher symmetry results in narrower lines owing to a reduction
in the dipolar couplings. Notably, the diffraction data presented earlier clearly

demonstrated the presence of multiple phases in the samples, meaning that
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Figure 5.7: 'H and "Li (11.7 T) MAS NMR spectra for samples of (a,b) Liz»50Hy75Cl,
(c,d) Li; 50H5Cl and (e,f) Li» 750H(»5Cl. All samples were prepared via the Schlenk line
method. The MAS rate was 10 kHz and spinning sidebands are denoted by *. In all cases, a

recycle delay of 60 s was used to acquire 4 transients.

the samples contain multiple H and Li species. However, it has not been pos-
sible to identify different H and Li species from the NMR data shown in Figure
5.7. As previously discussed, 'H resonances are typically broad, and “Li has a

very small chemical shift, meaning that signals from different species are often
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indistinguishable due to considerable spectral overlap.

5.3.5 35C1 NMR Studies of Li2.5OH0.5C1

One of the samples in the series, Lip 50H(5Cl, was analysed further
via VT *CI MAS NMR and the spectra acquired at 33 and 63 °C are shown in
Figure 5.8. The spectrum acquired at 33 °C exhibits a lineshape that appears
to be composed of several overlapping resonances. The lineshape is similar
to that observed for the parent material, Li,OHCl. However, it is noted that,
unlike LiOHCI, this sample does not contain residual LiCl. Hence, the cor-
responding signal is not observed. Whilst the spectrum acquired at 33 °C for
Li» 50H(5Cl appears to be similar to that of its parent material, Li,OHC], the
spectrum acquired following the phase transition at 63 °C is noticeably differ-
ent. At 63 °C, a broad lineshape exhibiting two very obvious resonances is
observed. This is in contrast to the spectrum obtained for Li,OHCI at 63 °C,
where only a single broad resonance was observed. The lineshapes observed

were simulated to determine the number of Cl sites present in the sample. The

— 63°C

. — 33°C

1 1 1 1
200 100 0 -100 -200 -300 -400
8 3Cl (ppm)

Figure 5.8: 35Cl (11.7 T) MAS NMR spectra acquired at 33 (blue) and 63 °C (green), for a
sample of Li; 50H(5Cl prepared via the Schlenk line method. The MAS rate was 10 kHz
and spinning sidebands are denoted by *. In both cases, a recycle delay of 10 s was used to

acquire 2560 transients.
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tits obtained are shown in Figure 5.9 and the corresponding quadrupolar pa-

rameters are detailed in Table 5.4.

A minimum of three distinct Cl sites were required to simulate the line-
shape observed at 33 °C. This is similar to what was observed for Li,OHCl, and
the sites observed appear to have similar quadrupolar parameters. Thus, indi-
cating that Cl experiences similar environments in both samples. This further
suggests that Li, 5OH 5Cl and Li;OHCI adopt the same structure prior to un-
dergoing a phase transition at ~40 °C. Interestingly, the lineshape observed at
63 °C could only be accurately simulated using three sites. This is in contrast to
what was observed for LiOHCI, where two sites were required to simulate the
corresponding lineshape. It is noted that site 1 has a similar 6 and Cq to site 1
obtained for Li;OHCI at 63 °C. However, the corresponding ng varies consid-
erably. Moreover, sites 2 and 3 do not resemble any site observed for the parent
material, LipOHCI, at 63 °C. This suggests that, upon increasing the Li content
of the sample, the local environment of the Cl changes significantly. All sites
have a similar Cq, which is relatively small. As discussed previously, a per-
fectly cubic system would have Cq close to 0. Thus, a small Cq for these sites
indicates a system exhibiting high symmetry, albeit not perfectly cubic. The
diffraction data presented earlier indicated the presence of an impurity phase
in the sample, albeit in a small quantity when compared to the desired phase.
Therefore, one of the sites most likely corresponds to the impurity phase. It
is likely to be ”site 2” due to its much lower intensity when compared to the
other two signals that clearly dominate the lineshape. It is noted that an ad-
ditional site was not required to simulate the lineshape corresponding to the
room-temperature phase. This may be due to the fact that the impurity phase
is present in a small quantity, meaning that the corresponding signal has a low
intensity. Hence, it may have been overshadowed by the signals arising from

the desired phase.
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— Site 1: C, = 1.504(1) MHz, n, = 0.937(2)
— Site 2: C, = 2.756(2) MHz, n, = 0.692(3)
— Site 3: C, = 2.012(2) MHz, n, = 0.579(5)
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—Site 1: C, = 1.762(1) MHz, n, = 0.000(2)
— Site 2: C, = 1.389(3) MHz, n, = 0.000(18)
— Site 3: C, = 1.167(2) MHz, n, = 1.000(5)
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Figure 5.9: Simulations of the 3°Cl (11.7 T) MAS NMR spectra acquired at (a) 33 °C and (b)
63 °C for a sample of Li; 50H,5Cl, prepared via the Schlenk line method. The MAS rate
was 10 kHz and a recycle delay of 10 s was used to acquire 2560 transients. At 33 °C, three
sites were required to fit the lineshape and the corresponding quadrupolar parameters were
obtained: Site 1 (Cg = 1.504(1) MHz and ng = 0.937(2)), Site 2 (Cq = 2.756(2) MHz and g
= 0.692(3)), Site 3 (Cq = 2.012(2) and ng = 0.579(5)). At 63 °C, three sites were required to fit
the lineshape and the corresponding quadrupolar parameters were obtained: Site 1 (Cq =
1.762(1) MHz and ng = 0.000(2)), Site 2 (Cq = 1.389(3) MHz and 1 = 0.000(18)), Site 3 (Cq =
1.167(2) MHz and ng = 1.000(5)).
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Table 5.4: 3°Cl NMR parameters, §, Cg, and 1@, obtained by simulating the lineshapes ob-
served in the 3°Cl MAS NMR spectra obtained at 33 and 63 °C, for a sample of Li> 50H,5Cl
prepared via the Schlenk line method.

Site S (ppm) Cq (MHz) nQ

33 °C

1 ~15.60(2) 1.504(1) 0.937(2)

2 ~11.53(4) 2.756(2) 0.692(3)

3 ~38.98(13) 2.012(2) 0.579(5)
63 °C

1 ~33.57(4) 1.762(1) 0.000(2)

2 -61.55(2) 1.389(3) 0.000(18)

3 —76.63(6) 1.167(2) 1.000(5)

5.4 Conclusions

As demonstrated earlier, a phase pure sample of Li3OCI cannot be syn-
thesised, predominantly owing to its hygroscopic nature, but its hydrated ana-
logue, Li;OHCI, is much easier to synthesise. Thus, this chapter focused on the
synthesis of samples in the series Liz_OH\CI (x = 0.25, 0.5 and 0.75) to deter-
mine whether phase pure samples could be produced. The samples produced
were analysed via XRD, NPD and multinuclear SSNMR spectroscopy. All sam-
ples were found to contain multiple phases. The desired phases were observed
to adopt the same structure as the room-temperature phase of Li,OHCl. A
small amount of the cubic phase in space group Pm3m was also present. Un-
fortunately, the samples also contained an unidentified impurity phase, and a
comparison of the diffraction patterns for samples in the series Liz_yOH\CI (x
=0,0.25, 0.5, 0.75 and 1) indicated that the amount of impurity phase formed
increases with increasing Li content. Thus, suggesting the compositions of the
desired phases likely differ from those intended. Moreover, a comparison of
the diffraction patterns for the end members, Li,OHCI and Li3OCl, strongly
suggested that the LizOCl sample initially prepared also contained some of
the hydrated LiRAP. All diffraction patterns were analysed via the Rietveld

method using the new Pban and Pm3m models. The fits obtained were of
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reasonable quality. However, the goodness of fit decreased steadily with in-
creasing Li content. This is believed to be due to a concomitant increase in the

amount of the impurity phase produced.

Samples in the series Liz_xOH\Cl (x = 0.25, 0.5 and 0.75) were also anal-
ysed via VT XRD, and the same phase transition to cubic symmetry (Pm3m)
observed for Li,OHCI was also observed for these samples. The reflections
corresponding to an unknown impurity phase were more clearly observed in
the diffraction patterns acquired at 50 °C. It appears that as the stoichiometric
amount of LiOH added increases, i.e., as the composition is pushed closer to
Li3OCl, the amount of the impurity phase formed also increases. Hence, the
samples produced are unlikely to have the desired composition, and the true
value of x in Liz_xOH,Cl must be higher than expected as a proportion of the
starting materials must be used to form the impurity phase. To determine the
precise compositions of the desired phases, the fractional occupancies for both
Li and H were refined using the diffraction data acquired both at room tem-
perature and 50 °C. In all cases, the formulae obtained deviated from those
intended. Moreover, the formulas determined for the same samples at room
temperature and 50 °C were not in agreement. It is noted that the laboratory
XRD data does not offer sufficient resolution to accurately determine the cor-
responding occupancies for light atoms such as Li and H. Thus, the results
obtained are not highly reliable. Thus, it was not possible to determine the
true value of x from the diffraction data presented in the Liz_yOHCl samples

synthesised.

To further investigate the Li3_xOHCl system, a deuterated sample of
”Liz 750H 25Cl” was synthesised and analysed via NPD at HRPD. The diffrac-
tion pattern obtained was similar to that of the parent material, LiODCI. How-
ever, there were some noticeable differences in the relative peak intensities. A
few additional reflections, believed to correspond to the impurity phase, were
also present. Rietveld analysis of the diffraction pattern was completed using
the new Pban and Pm3m models. The sample was found to consist predom-
inantly of the orthorhombic phase in space group Pban, with small amounts

of the cubic phase. Structural parameters such as atomic coordinates, frac-
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tional occupancies and isotropic thermal coefficients could be refined for the
Pban phase. However, no structural parameters could be refined for the Pm3m
phase. It is also noted that the composition dictated by the fractional occupan-
cies for the Pban phase deviated from that intended. Moreover, the isotropic
thermal coefficients obtained did not appear to be very sensible. This is likely
due to the unidentified impurity phase because the reflections corresponding
to the desired phase will overlap with those for the impurity phase. However,
the impurity phase is not included in the refinement. Thus, the analysis is com-
pleted on the assumption that all reflections correspond to the desired phase.

This makes it challenging to determine accurate structural parameters.

Samples in the series Li3_yOH,Cl (x = 0.25, 0.5 and 0.75) were also
analysed via SSNMR spectroscopy. The NMR analysis has shown similar re-
sults to those observed for the parent material, Li,OHClL. More specifically,
the 'H and “Li MAS NMR spectra for all samples exhibited a single resonance
that narrowed following the phase transition, likely owing to a reduction in
dipolar couplings. The diffraction analysis presented indicated the presence
of additional phases in the samples. However, multiple species could not be
identified using the H and “Li NMR data. A sample of Lir 5OHy 5Cl was fur-
ther analysed via 3>Cl MAS NMR spectroscopy, and the corresponding spec-
trum for the room-temperature phase closely resembled that of the parent ma-
terial, Li)OHCI. Specifically, three different Cl sites with similar quadrupolar
parameters were observed. Conversely, the spectrum corresponding to the
high-temperature cubic phase of Li, s5OHg 5Cl was significantly different from
that of LipOHCL. Here, three different Cl sites were observed, whereas only
two were observed for LiyOHCI. The third site is believed to correspond to the

as yet unidentified impurity phase present in the sample.

Overall, synthesising samples with varied Li and H content appears to
be more challenging than initially envisaged. Samples produced exhibited the
same phase behaviour as the parent material, Li,OHCl. However, the precise

composition of the desired phases is yet to be confirmed.
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6 LiOHCI: Probing Ion Mobility

6.1 Introduction

As previously discussed, Li,OHCl is a potential solid electrolyte mate-
rial for Li-ion batteries, as it has been reported to exhibit a high Li-ion conduc-
tivity. However, in order for it to be successfully used in practical applications,
it is imperative to gain information regarding the ion mobility mechanisms

taking place within such a system.

One of the first reports regarding ion conductivity in LiRAPs was by
Schwering and co-workers.?!® They studied LiOHCl via EIS and VT static 'H
and “Li SSNMR. A narrowing of the resonances was observed for both 'H and
7Li with increasing temperature, which is suggestive of ion mobility in the sys-
tem. “Li Tq measurements were also completed for the Liz_¢OH\Cl (x = 0.83
— 2) series, and a reduction in T7 values was observed with increasing tem-
perature. 7Li T1 measurements were used to determine an E, of 0.36 eV for
Li,OHCI. However, the E, determined from EIS was ~0.56 eV. It has been sug-
gested that the difference between the E, values determined from NMR and
EIS is due to the fact that NMR is a local probe and only detects motion in the
bulk of a material. Whereas, EIS can detect the motional processes at both the
grain boundaries and in the bulk material. Schwering et al. noted that the ionic
conductivity of LiyOHCI increases sharply following the phase transition.?!3
This observation led to suggestions that the cubic symmetry is a prerequisite
for high ion conductivity in Li,OHCI. It was theorised that in the cubic phase,
the freely rotating OH™ groups allow for Li-ion mobility, meaning that the two
processes are correlated. Static OH™ groups, on the other hand, would restrict
the movement of Li-ions. It was further suggested that the phase transition in
LiOHCI from orthorhombic to cubic symmetry is, in fact, a consequence of

the onset of Li movement.

Hood et al. have also explored Li;OHCI as a potential solid electrolyte
system via EIS (vide supra).?'* As stated earlier, they synthesised Li,OHCI via
both fast and slow cooling methods and reported that fast cooled Li,OHCl
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exhibited a higher ionic conductivity and lower activation energy at elevated
temperatures. An ionic conductivity of 2.8 X 107> S cm™! was reported at 195
°C, with an E, of 0.56 eV, which is in agreement with that reported by Schwer-

ing et al. via EIS.?1?

The ionic conductivities of Li3_yOH,Cl (x = 0.3 — 1) have been mea-
sured as a function of proton concentration via EIS by Song and co-workers.?!8
Despite specific conductivity values not being reported for any of the compo-
sitions, it was stated that conductivities on the order of 107% S cm~! were mea-
sured at 110 °C. They also performed MD simulations to investigate the Li-ion
motion, where it was suggested that the Li-ions move via Frenkel defects and

it is the rotation of the OH™ groups in the cubic structure that provides access

to lower-energy pathways.

Finally, the dynamics of the Li,OHCl/Br system have also been stud-
ied via 2H NMR of deuterated samples. Eilbracht and co-workers reported a
dynamical orientational disordering of the OD~ groups.?!> However, specific

details regarding the motion of the OD™ groups or Li-ions were not provided.

In the current study, VT 'H, 2H and “Li MAS and static “Li NMR spec-
troscopy has been used to study Li-ion mobility in Li)OHCI and the related
series Liz_yOH\CI (x = 0.25 - 0.75). The feasibility of proton transport has also
been evaluated. AIMD calculations have also been completed by our collabo-
rators, which support our experimental findings. Finally, VT 35C1 MAS NMR
spectroscopy has also been used to investigate the corresponding structural

changes in the Liz_ OH\CI (x = 0.25 — 1) series.

6.2 Experimental

6.2.1 Synthesis

The synthesis of all samples discussed in this chapter has been de-
scribed earlier in Chapter 4. Samples of LiOH/DCl were synthesised via the
muffle furnace method and the samples Lis 50H 75Cl, Lip 5OH/Dg5Cl and
Lip 750H( 25C1 were synthesised via the Schlenk line method.
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6.2.2 Solid-State NMR

All solid-state NMR spectra were acquired using a Bruker 500 Avance
III HD spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, us-
ing Larmor frequencies of 499.69 MHz for 'H (I = 1/2), 76.77 MHz for 2H (I =
1), 194.20 MHz for “Li (I = 3/2) and 49.00 MHz for °Cl (I = 3/2). Powdered
samples were packed into conventional 4.0 mm ZrO, rotors under an Ar atmo-
sphere and placed into a Bruker 4.0 mm HX probe. A MAS rate of 10 kHz was
employed, unless stated otherwise. 'H chemical shifts were referenced to neat
tetramethylsilane, by setting the resonance from a sample of adamantane to
diso = 1.9 ppm. 7Li chemical shifts were referenced to 1 M LiCl(ag)- 2H chemical
shifts were referenced to (CD3)4Si using a sample of CDCl3, 8i5o = 7.24 ppm.
3Cl chemical shifts were referenced to 1 M NaCl(,q). VT static “Li NMR exper-
iments, completed over the temperature range —65 to 230 °C, were undertaken
using a Bruker 400 Avance III HD spectrometer, equipped with a wide-bore
9.4 T magnet, using a Larmor frequency of 155.5 MHz for “Li. The sample was
packed into a 5.0 mm ceramic rotor inside an Ar-filled glovebox and placed

into a Bruker 5.0 mm static-HX probe.

Standard VT 'H, 2H and “Li MAS NMR experiments were completed
over the temperature range —19 to 110 °C using conventional hardware. All 'H
MAS NMR spectra were acquired using a background suppression (DEPTH) %’
experiment with typical 7t/2 and 7 pulse lengths of 4 and 8 us, respectively.
Conventional “Li MAS NMR spectra were obtained using a single-pulse ex-
periment with a typical pulse length of 1.5 pus. During the acquisition, proton-
decoupling was applied using SPINAL-64, 18 with a RF field of 32 kHz. For 'H
and ’Li MAS NMR experiments, typical RF field strengths of 62 — 166 kHz were
employed. Static ’Li NMR spectra were acquired using a solid-echo (90° — T -
90°y — ) experiment with a typical pulse length of 1 us. "H and “Li T; values
were measured using a saturation recovery experiment. Static and MAS ?H
NMR spectra were obtained using a solid-echo (90°« — T - 90° — T) experiment

with a typical pulse length of 4 us and a RF field of 62.5 kHz.
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VT 3CI MAS NMR spectra were acquired between 33 — 109 °C, using
a hahn-echo (90° — - 180° — 1) experiment with a pulse length of 4 us and a
RF field of 62.5 kHz. *Cl EXSY spectra were acquired using a standard 7tgg —
t1 — 790 — Tmix — Tl9o pulse sequence, with t; =1 s and Tmix = 0.1 s. For all 351
NMR experiments MAS rates of 10 or 12 kHz were employed. Specific details
regarding the recycle delays used and the number of transients acquired are
provided in the relevant figure captions. In all cases, quoted temperatures
have been calibrated and reflect the true temperature of the sample during the
experiment. Selected NMR spectra were fitted using the SOLA tool in Topspin
4.0.

6.2.3 PFG-NMR Spectroscopy

7Li PEG-NMR experiments were performed in collaboration with Pro-
fessor Clare P. Grey and Mr Steffen P. Emge at the University of Cambridge,
using a Bruker Diff50 PFG probe equipped with a Z-gradient and an enhanced
variable temperature (EVT) “Li saddle coil in a 7.046 T magnet. Spectra were
acquired using a stimulated diffusion pulse sequence (Figure 2.20) and vary-
ing gradient strengths. The effective gradient length, 5, was set to 5 ms and a

1 was used. The diffusion time, A,

maximum gradient strength of 1800 G cm™
was kept constant and set to either 100, 175 or 250 ms. Diffusion coefficients
were obtained by fitting the decaying signal. All acquisitions were performed
at an elevated temperature of 100 °C. All samples were sealed into glass tubes

under an Ar atmosphere.

'H PFG-NMR experiments were completed in collaboration with Pro-
fessor Laurent Le Polles and Dr Claire Roiland at Université De Rennes, Rennes,
France, using the stimulated diffusion pulse sequence (Figure 2.20) on a Bruker
AV 300 spectrometer equipped with a PFG Bruker probe (30 T m™!). The gra-
dient strengths were varied from 0 to 1450 G cm~! and from 0 to 3000 G cm™!,

at room temperature and 100 °C, respectively.
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6.2.4 AD initio Simulations

All ab initio simulations were carried out by our collaborators Pro-
fessor Saiful Islam and Dr James Dawson at the University of Bath. All cal-
culations were performed using DFT based on the Vienna ab initio simula-
tion package (VASP).??* A plane-wave cut-off energy of 400 eV, the projector

augmented wave method 225

and the PBEsol exchange—correlation functional
were employed. This particular functional was selected because it has been
used in previous successful studies of Li-ion battery materials.??6-22% The k-
space was sampled with a k-point mesh spacing smaller than 0.05 A~! and the
gamma-point only for the reaction enthalpy and AIMD calculations, respec-
tively. Structural optimisation was performed until the residual force on each
atom was smaller than 0.03 eV A~1. AIMD simulations were carried out to ex-
amine Li* ion diffusion in Li3_OH\CL, (x = 0 — 1.06), with 4 X 4 X 4 supercells
containing 320 atoms. Each composition was first equilibrated for 10 ps. Statis-
tical properties were then obtained from the following 50 ps simulations using
the NVT ensemble with a Nose-Hoover thermostat.??° The AIMD calculations
were carried out at 600, 700, 800, 900 and 1000 K, with a short time step of 1 fs

due to the presence of hydrogen. Self-diffusion data for Li were obtained from

the mean square displacement (MSD) according to,

ri2(t) = 6Dyt , (6.1)

where 7;2(t) is the MSD, Dy; is the diffusion coefficient for Li and f is time. The
diffusion coefficients were then converted to conductivities using the Nernst-
Einstein relationship,

o _ ., ng
D XkT !

6.2)

where 7 is the number of charge carriers per unit volume, g is the electron
charge, k is the Boltzmann constant, T is the temperature and Hr is the Haven

ratio. A Haven ratio of one was used in our calculations.
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6.3 Results and Discussion

6.3.1 Probing Proton and Li-ion Mobility in Li,OHCl

In this study, VT SSNMR spectroscopy has been used extensively to
monitor ion dynamics, in particular lithium and proton mobility. This chapter
is focused on exploring ion mobility in LiyOHCI and its related compositions.
The 'H MAS NMR spectra acquired over the temperature range —19 — 106 °C
for a sample of Li,OHCI synthesised via a conventional solid-state route are
shown in Figure 6.1(a). In all cases, a single resonance is observed. The reso-
nance observed in the spectra obtained between —19 and 33 °C corresponds to
the room-temperature orthorhombic phase of LiOHCl and is relatively broad.
As the temperature is increased to 52 °C, a narrowing of the lineshape is ob-
served. As discussed in Chapter 4, the 'H resonance narrows considerably
following the phase transition to cubic symmetry. The lineshape continues to
narrow until 106 °C. A corresponding plot of the FWHM vs. temperature is
shown in Figure 6.1(b), which confirms a narrowing of the lineshape with in-
creasing temperature. Between —19 and 33 °C, there is minimal change in the
linewidth, suggesting there is no change in the local H environment, i.e., the
protons are static and not moving. As the temperature is increased to 52 °C,
there is a sudden decrease in linewidth, believed to correspond to the known
phase transition to the cubic Pm3m phase. There is a further, more gradual,
reduction in linewidth above 52 °C, believed to correspond to the movement
or mobility of protons within the Li,OHCI structure, likely the rotation or free
movement of the OH™ groups. However, the precise nature of the movement
cannot be discerned from this data alone. It is also noted that between 33 and
52 °C, itis challenging to accurately differentiate the precise contribution of the
phase transition versus the mobility of the OH™ groups to the observed change

in linewidth.

The 7Li MAS NMR spectra acquired over the temperature range —19 —
106 °C for a sample of Li,OHCl synthesised via a conventional solid-state route
are shown in Figure 6.2(a). In a similar manner to the 'H MAS NMR, a single

resonance is observed. Between —19 and 33 °C, where Li,OHCI is known to
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Figure 6.1: (a) VT 'H (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a
sample of Li,OHCI synthesised via a conventional solid-state route. The MAS rate was 10
kHz and spinning sidebands are denoted by *. A recycle delay of 500 and 60 s was used
between —19 - 33 °C and 40 - 106 °C, respectively. In all cases, 4 transients were acquired.

(b) The corresponding variation in the FWHM as a function of temperature.

adopt the room-temperature orthorhombic structure, the ”Li resonance is fairly

broad. Between 33 and 40 °C, a sudden narrowing of the resonance is observed
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Figure 6.2: (a) VT ’Li (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a sam-
ple of Li,OHCl synthesised via a conventional solid-state route. The MAS rate was 10 kHz.
In all cases, a recycle delay of 60 s was used to acquire 4 transients. (b) The corresponding

variation in the FWHM as a function of temperature.

and a further increase in temperature results in continuous line narrowing. The
corresponding FWHM between —19 and 106 °C is shown in Figure 6.2(b). The
line narrowing in the VT ’Li MAS NMR data is similar to that observed for the
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VT 'H MAS NMR data. Between —19 and 33 °C, there is a small variation in
the linewidth and between 33 and 40 °C, a considerable reduction in linewidth
is observed owing to the known phase transition to cubic symmetry. As the
temperature is increased incrementally to 106 °C, further line narrowing is ob-
served. This gradual reduction in linewidth is believed to be due to mobile
Li species within the structure. It is noted that the degree of line narrowing
observed for “Li is greater than that observed for 'H, suggesting Li exhibits

greater mobility in LiyOHCl when compared to 'H (vide infra).

Li;OHCI was also analysed via VT static “Li NMR and the spectra
acquired over the temperature range —65 — 230 °C are shown in Figure 6.3.
Between —65 and 24 °C, the static “Li NMR spectra exhibit a dipolar broad-
ened lineshape at ~0 ppm, corresponding to the central transition (1/2 «—
—1/2). A broad resonance corresponding to the satellite transitions is also ob-
served (3/2 «— 1/2 and —-1/2 «— -3/2). All spectra obtained at 54 °C and
above exhibit a single sharp resonance, corresponding to the cubic phase of

Li,OHCI. The lineshapes observed at 24 and 54 °C, corresponding to the room-

| — 230°C

J —200 °C
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A — 140 °C

— 110°C
%t — 80 °C
g\ — 54°C
Y/ — 24°C

2°C
— —49 °C
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4 "Li (ppm)

Figure 6.3: Static VT "Li (9.4 T) NMR spectra obtained between —65 and 230 °C for a sample
of Li,OHCl synthesised via a conventional solid-state route. A recycle delay of 300, 65 and
1s was used at —65 -2 °C, 24 °C and 54 - 230 °C, respectively, to acquire 8 transients.
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temperature and high-temperature phase of Li,OHCI, respectively, have been
discussed in detail in Chapter 4. Hence, here the discussion will focus predom-
inantly on ion mobility. In a similar manner to the “Li MAS NMR data (Figure
6.2), the static 7Li NMR data exhibits line narrowing, as demonstrated in the
corresponding FWHM plot vs. temperature, shown in Figure 6.4(a). Below
room temperature, little variation in the FWHM is observed, whereas, a dra-
matic decrease is observed between 24 and 54 °C. This reduction in FWHM is
attributed to the phase transition, as the transition to cubic symmetry averages
out the “Li homonuclear dipolar couplings and thus a narrower resonance is
observed. A further increase in temperature results in a very gradual reduction
in linewidth, as observed for the spectra acquired between 54 and 230 °C. This
is indicative of Li-ion mobility, as ion mobility would result in motional nar-
rowing of the NMR linewidths. This gradual change is challenging to observe
in Figure 6.4(a). Hence, for clarity, an expansion of the data obtained between

54 and 230 °C is shown in Figure 6.4(b).

To gain further insight into proton and Li-ion mobility within Li;OHCI,
H and 7Li T; values were measured. As stated in Chapter 2, T1 values are de-
pendent on the environment of the nucleus under investigation and, therefore,
will change with any structural changes, i.e., phase transitions, mobility etc. 'H
and “Li T values were measured over the temperature range —19 — 116 °C and
are shown in Figure 6.5(a,b). In both cases, the T; values at low temperatures,
e.g., —19 and 8 °C, are quite similar, followed by a rapid change between 8 and
~60 °C. This change is believed to correspond to the expected phase change
from what is believed to be orthorhombic to cubic symmetry. A more gradual
change in 'H T is observed between 70 and 100 °C, where the value is on the
order of seconds. This is in contrast to the “Li T measurements, where there
is a gradual but significant change. Comparison of the 'H and “Li T; values
obtained at 116 °C exhibits an order of magnitude difference between the two.
Such a difference in the value of T suggests that Li is the more mobile species
in Li)OHCI, and protons only exhibit limited mobility. To further probe the
Li-ion mobility, additional static “Li NMR experiments were completed at a

lower field strength between 54 and 230 °C. The “Li T values obtained are
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Figure 6.4: (a) Variation in the “Li FWHM as a function of temperature obtained from the
VT static “Li (9.4 T) NMR spectra acquired between —65 and 230 °C for a sample of Li;OHCI
synthesised via a conventional solid-state route. (b) An expansion of the region between 54

and 230 °C.

shown in Figure 6.5(c). Interestingly, the T values exhibit a continuous de-
crease with increasing temperature, and at 230 °C, a T1 of ~0.007 s is obtained.

This suggests an increased degree of Li-ion mobility with increasing temper-
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Figure 6.5: (a) 'H and (b) "Li (11.7 T) T; values obtained between —19 — 106 °C and (c) "Li
(9.4 T) T; values obtained between 54 — 230 °C, for a sample of Li,OHCI synthesised via a
conventional solid-state route. In most cases, the estimated error bars are smaller than the

symbols used and are therefore not shown.

274



—
QO
~
|
N
N
T
°

In (1/ T, (s))
&
o

26 2.7 2.8 2.9
1000 / T (K)

In(1/ T, (s))
o,

08

06

0.4

0.2

1 1 1 1
2.6 2.7 2.8 2.9
1000/ T (K)

3.0

20r

In(1/T, (s))

1 1 1 1 1 1
2.0 2.2 2.4 2.6 2.8 3.0
1000/ T (K)

Figure 6.6: An Arrhenius plot of the (a) 'H, (b) Li (11.7 T) and (c) ’Li (9.4 T) T; data obtained
for asample of Li;OHCl synthesised via a conventional solid-state route, over a temperature
range of (a,b) 63 -116 °C and (c) 54— 230 °C. In all cases, a linear fit is obtained with gradients
(a) —4.08(28), (b) —4.48(13) and (c) —4.01(12), and R? = (a) 0.9906, (b) 0.9984 and (c) 0.9952.
Activation energies of (a) 0.35(2) eV, (b) 0.39(1) eV and (c) 0.35(1) eV were calculated.
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ature. Based on the data presented, it is likely that the protons are only locally
mobile, i.e., rotating or flipping around a localised point, whereas the Li can

move freely throughout the structure.

The T; data shown here can be used to determine E, for both 'H and
7Li motion using an Arrhenius plot. A plot of In(1/T7) vs. inverse temperature
will have a gradient that is proportional to E;, as follows,

Ea

= (6.3)

In (Til) =1In(A) -

where A is a constant, R is the gas constant (8.314 k] mol™!) and T is the tem-
perature in unit Kelvin. The corresponding plots for the 'H and “Li NMR data
corresponding to the cubic phase, are shown in Figure 6.6. In all cases, a lin-
ear fit is achieved with R? = 0.9906 and 0.9984 for 'H and “Li T; experiments
completed between 63 and 116 °C. An R? = 0.9952 is obtained for “Li T exper-
iments completed between 54 and 230 °C. R? is a parameter used to determine
the goodness of fit. It has values ranging from 0 to 1, with R? = 1 indicating a
perfect fit. Thus, the R? values obtained here indicate an excellent fit. E, values
of 0.35(2) eV and 0.39(1) eV are calculated for 'H and ’Li motion, respectively,
between 63 and 116 °C. Thus, indicating a lower energy barrier for proton mo-
bility when compared to “Li mobility. For the “Li T; experiments completed
at a lower field strength between 54 and 230 °C, an E, 0.35(1) eV is obtained.
A drop in the E, at higher temperature suggests that it becomes easier for the
Li-ions to exhibit movement with increasing temperature. The value of E, de-
termined for “Li in the current study via static “Li NMR is in agreement with
that initially reported by Schwering et al. (0.36 eV), who also used static NMR
conditions.?!® Overall, the Ty data analysis presented here suggests that both
the protons and Li ions exhibit mobility. However, the nature of the motion

taking place cannot be confirmed solely from the current data.

6.3.2 2H NMR Studies of Li,OHCl

To further investigate the local environment and mobility of the OH~
groups in Li;OHCI, a sample was deuterated using LiOD and studied via
2H SSNMR spectroscopy. The room temperature XRD pattern obtained for
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the deuterated sample of Li;OHCI (Li;ODCI) is shown in Figure 6.7. Diffrac-
tion patterns corresponding to the parent material, LiOHCI and the reagent,
LiCl, are also shown for comparison. The diffraction pattern for the deuter-
ated sample closely resembles that of Li;OHCI, indicating that the desired
phase has been successfully synthesised. It is noted that the reflections corre-
sponding to the starting material LiCl have higher intensity in the XRD pattern
for Li,ODCI than Li,OHCI, suggesting that the deuterated sample contains a
slightly higher quantity of residual LiCl.

VT 2H MAS NMR data was acquired for Li,ODCI over the tempera-
ture range —19 — 110 °C, and is shown in Figure 6.8. Between —19 and 63 °C,
a classic, axially symmetric lineshape, with a large manifold of spinning side-
bands is observed. It is well documented within the literature that this type
of lineshape indicates an absence of motion, and, thus corresponds to static
OH~/OD~ groups.!®® The MAS lineshape obtained at 33 °C was simulated
and fitted (Figure 6.9) to obtain the quadrupolar NMR parameters, Cq = 259(1)
kHz and ng = 0.0(1), which are also in good agreement with those reported for
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Figure 6.7: XRD patterns obtained for samples of Li,OHCI and Li,ODCl synthesised inside
an Ar-filled glovebox via a conventional solid-state route. The reaction temperature was 350

°C and the reaction time was 30 mins. Also shown is a diffraction pattern for the starting

material, LiCl.
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static °H environments.2!®> The known phase transition from, what is believed
to be, orthorhombic to cubic symmetry occurs at ~35 — 40 °C. Interestingly, the
2H NMR data presented indicates that even at 63 °C, when Li;ODCl is known
to be in the cubic phase, the OH™/OD~ groups are still static. Thus, indicat-
ing 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
the mobility of the OH™/OD™ groups. This is in direct contrast to previous
reports in the literature that stated the phase transition alone is responsible for

the enhanced ion conduction capabilities of Li,OHCL?'?

At 69 °C, there is a very noticeable change in the appearance of the 2H
MAS NMR spectrum (Figure 6.8). The spectrum contains a broad central reso-
nance, in addition to the axially symmetric lineshape observed at low tempera-
tures. The broad resonance is believed to correspond to the mobile OH™/OD~
groups. Therefore, the spectrum acquired at 69 °C indicates the presence of
two different OH™ /OD™ environments simultaneously, i.e., both static and mo-
bile OH™/OD~ groups. As the temperature is increased to 95 °C, the axially
symmetric lineshape corresponding to the static OH™/OD~ groups decreases
in intensity, whilst the broad resonance narrows and increases in intensity. This
indicates that, at 95 °C, the majority of OH™/OD~ groups are mobile. Finally,
at 110 °C, a single resonance is observed, with the axially symmetric lineshape
also present, albeit at very low intensities. Hence, at 110 °C almost all of the

OH™/OD™ groups are now mobile.

It is well documented that for fast-moving deuterons, a single, sharp
”solution-like” lineshape (e.g., ca. 20 Hz), with very high intensity, will be ob-
served in the 2H MAS NMR spectrum, owing to complete averaging of the
quadrupolar tensor.?® Such a sharp, narrow resonance is characteristic of a
deuteron dissociating and moving freely throughout the structure.?%?3! Here,
however, the linewidth of the resonance is still relatively large (ca. 2.7 kHz),
suggesting movement of the OD™ group rather than that of a free deuteron, i.e.,
likely rotation of the H/D around the oxygen (vide infra). This is unsurprising
as the OH bond is quite difficult to break. It is also noted that at high tem-

peratures (95 and 110 °C) the manifold of spinning sidebands remains (albeit
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Figure 6.8: VT 2H (11.7 T) MAS NMR spectra acquired at —19, 33, 63, 69, 95 and 110 °C for a
sample of Li,ODCI synthesised via a conventional solid-state route. The MAS rate was 10

kHz. In all cases, a recycle delay of 5 s was used to acquire 3200 transients.
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Figure 6.9: Simulation of the 2H (11.7 T) MAS NMR spectrum of Li;ODCI acquired at 33
°C for a sample synthesised via conventional solid-state routes. The MAS rate was 10 kHz.
A recycle delay of 5 s was used to acquire 3200 transients. The spectrum was simulated to

obtain the corresponding quadrupolar parameters, Cg = 259(1) kHz and ng = 0.0(1).

at very low intensities), indicating the continued presence of static OH™/OD~
groups. Hence, it appears that two different OH™/OD™ environments are con-
sistently present in the cubic phase of Li;ODCI, both static and locally rotating
OH™/OD~ groups (vide infra).

Li;ODCI was also analysed via static 2H NMR and the spectra ac-
quired at —19, 69 and 110 °C are shown in Figure 6.10. In a similar manner to
the 2H MAS NMR spectrum, an axially symmetric lineshape is observed at —19
°C. The lineshape observed resembles that of the simulated spectrum shown
in Figure 6.9. Again, this lineshape corresponds to static OH™/OD™ groups,
thus further confirming the absence of motion. An increase in temperature to

69 °C results in a single relatively broad resonance which corresponds to mo-
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Figure 6.10: VT static 2H (11.7 T) NMR spectra acquired at —19, 69 and 110 °C for a sample
of Li,ODCI synthesised via a conventional solid-state route. In all cases, a recycle delay of

5 s was used to acquire 3200 transients.

bile OH~/OD~ groups. Here, unlike the 2H MAS NMR spectra, the resonance
corresponding to the static OH™/OD~ groups, is not visible. Finally, at 110
°C a narrow resonance is observed, confirming that the majority of OH™/OD~

groups are mobile.

Considering these findings alongside the 'H and “Li NMR data pre-
sented earlier, it is believed that the mobility of the Li ions in Li;ODCl is in-
timately connected to the position of the OH™/OD~ groups within the struc-
ture. As stated earlier, Schwering et al.,?!3 claimed that the cubic symmetry
is a prerequisite for mobility and the phase transition in Li,OHCl is, in fact, a
consequence of the onset of Li-ion mobility. This is in direct contrast with the
findings presented here, where the phase transition from orthorhombic to cu-
bic symmetry does not result in mobile OH™/OD~ groups. Hence, the phase
transition alone is not responsible for ion mobility. As demonstrated by our VT
studies, additional thermal energy is required to facilitate both proton and Li-
ion mobility. Hence, both an increase in temperature and the phase transition

to cubic symmetry are needed for enhanced ion mobility.
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6.3.3 PFG-NMR Spectroscopy of Li,OHCl

To probe the Li-ion mobility further and confirm our initial findings
from the 'H and “Li T; studies, PFG-NMR experiments were completed. To
determine the diffusion coefficient of Li, Dy;, in Li;OHC], the “Li echo signal
intensity was obtained as a function of the magnetic field gradient, g, as shown
in Figure 6.11(a). The signal shows a decrease in intensity, I, with increasing
gradient strength, and the decay in intensity appears to be faster at longer
diffusion times. Thus, indicating Li-ion mobility and diffusion. Plotting the
normalised natural logarithm of the intensity I against b (a summary of con-
stants and parameters is detailed in Equation 2.35), the diffusion coefficient,
Dy, can be obtained from a linear fit of Equation 2.35. The fits obtained for the
data are shown in Figure 6.11(b), and the extracted diffusion coefficients are
summarised in Table 6.1. “Li PEG-NMR measurements appear to confirm ini-
tial suggestions that there is long-range Li diffusion at 100 °C. This is in good
agreement with the “’Li MAS NMR and T; data presented earlier. In restricted
systems (e.g., pores or finite-sized particles) diffusion coefficients often exhibit
a decrease at longer diffusion times. This appears to be the case for Li,OHCl
at 100 °C, as shown in Figure 6.12. In order to precisely determine the factors
affecting Li diffusion within Li,OHCl, additional analysis is needed. In partic-
ular, a comprehensive structural understanding of Li;OHCl is needed, which

is currently ongoing.

Similar 'H diffusion measurements were also completed for Li,OHCl
using PFG-NMR methods. In the 'H PFG-NMR measurements, no signal at-
tenuation as a function of the gradient strength was observed, as demonstrated
in Figure 6.13. Typically, as is the case for the “Li PFG-NMR measurements al-
ready discussed, the signal intensity is plotted as a function of the gradient
strength. However, in this particular case, this is not feasible, as there is sig-
nificant dephasing between the first and last spectrum of the two-dimensional
dataset acquired. Hence, the first and last raw datasets of the two-dimensional
spectra were extracted to determine any changes occurring in the signal inten-

sity. When this is done, the magnitude of the signal remains the same both with
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Figure 6.11: (a) The decaying ”Li signal intensity, I/I,, plotted against the applied gradient

strength at 100 °C for a range of diffusion times, A, for a sample of Li,OHCI synthesised via

a conventional solid-state route. (b) Natural logarithm of the intensity I/I plotted against

b at 100 °C for a sample of Li;OHCI synthesised via a conventional solid-state route. The

data points in red were considered as outliers and have not been included in the fits.
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Table 6.1: Summary of the Li diffusion coefficients, Dy;, obtained at 100 °C for a sample of
Li;OHCI synthesised via a conventional solid-state route, extracted from the ’Li PFG-NMR
data obtained at gradient strengths ranging from 0 to 1800 G cm™!. (* used 32 different
gradient strengths instead of 16)

A (ms) Dy; (m?s7™)
250 58x 10713 £24x 1071
175 54x10713 £12x 10714
175* 62x 10713 £73x 1071
100 73x10718 £24x 107

and without gradient pulses at room temperature. Hence, as no signal attenua-
tion is observed as a function of the gradient strength, there is no evidence for
proton diffusion at room temperature. Similar experiments were completed
at 100 °C, this time under the application of a much higher gradient, 3000 G
cm™l. At present, this is the highest commercially available gradient. Under
these conditions, again, no signal attenuation is observed. Hence, there is also
no diffusion at 100 °C. These findings are in good agreement with the 'H and

H MAS NMR data presented earlier. Hence, all of the data presented thus
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Figure 6.12: Trend in Li diffusion coefficients at 100 °C as a function of diffusion time for a

sample of Li,OHCI synthesised via a conventional solid-state route.
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Figure 6.13: TH PFG-NMR spectra acquired at (a) room temperature (RT) and (b) 100 °C
for a sample of Li,OHCI synthesised via a conventional solid-state route. In both cases,
spectra were extracted from two-dimensional datasets and represent the first (0 G cm™~') and
last (1450 or 3000 G cm™!) spectrum obtained in the dataset. In both cases, no change in

intensity is observed, indicating an absence of 'H diffusion.

far appears to confirm restricted proton mobility within Li,OHCI, i.e., local

rotations of the OH™/OD~ groups.
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6.3.4 Liz_xOH\CI (x = 0.25, 0.5 and 0.75)

Samples in the Liz_ OH,Cl (x = 0.25, 0.5 and 0.75) series were also anal-
ysed via VT 'H and “Li MAS NMR spectroscopy to determine whether they ex-
hibited similar proton and Li mobility to that of their parent material, Li OHCI.
The VT 'H and “Li MAS NMR spectra obtained for Lip 250H( 75Cl, Liz 50Hg 5Cl
and Lij 750H( 25Cl are shown in Figures 6.14, 6.15 and 6.16, respectively. The
spectra obtained appear to be very similar to those corresponding to Li,OHCI.
In all cases, the spectra acquired between —19 and 33 °C, contain a single rel-
atively broad resonance with well-pronounced spinning sidebands. As the
temperature is increased to 40 °C, a significant narrowing of the resonance and
a reduction in the intensity of the spinning sidebands is observed. Further
increases in temperature result in a gradual narrowing of the lineshape. The
corresponding variation in FWHM, as a function of temperature, for both 'H
and “Li for all samples and the parent material Li,OHCI is shown in Figure
6.17. For 'H, there is little change in the linewidth between —19 and 33 °C.
This is consistent with previous studies for LiyOHCI and the presence of static
OH™ groups. Upon increasing the temperature, the linewidth exhibits a grad-
ual decrease. For “Li, the linewidth remains similar between —19 and 8 °C and
then starts to decrease with increasing temperature. The changes observed in
FWHM for all samples are similar to the parent material, Li,OHCL. The diffrac-
tion data presented in Chapter 4, indicated that samples in the Liz_cOH\Cl (x
=0.25, 0.5 and 0.75) series undergo the same phase transition as the parent ma-
terial, LipOHCI. Thus, suggesting that both a phase change and ion mobility
contribute to the line narrowing observed between 33 and 52 °C. After 52 °C,
however, the phase transition is complete, meaning that the line narrowing is
solely due to ion mobility. The changes observed are similar to those previ-
ously observed for Li,OHCI, suggesting that both the protons and Li ions are
mobile at temperatures >52 °C. Furthermore, it appears that small composi-
tional changes have little effect on the FWHM across this temperature range,

as a similar reduction in linewidth is consistently observed across the series.

From this series, Li» 5OHy5Cl was selected for further analysis, with
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Figure 6.14: VT (a) 'H and (b) "Li (11.7 T) MAS NMR spectra obtained between —19 and 106
°C for a sample of Li; ;50H; 75Cl synthesised via the Schlenk line method. The MAS rate
was 10 kHz and spinning sidebands are denoted by *. A recycle delay of (a,b) 60 s was used
to acquire 4 transients, except for the spectra in (a) acquired at —19 and 8 °C, where a recycle

delay of 500 s was used.

'H and “Li T1 measurements completed between —19 and 116 °C to gain ad-
ditional information regarding ion mobility. The data obtained is shown in

Figure 6.18. Initially, the 'H T; values show little variation between —19 and
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Figure 6.15: VT (a) 'H and (b) "Li (11.7 T) MAS NMR spectra obtained between —19 and 106
°C for a sample of Li; 50H, 5Cl synthesised via the Schlenk line method. The MAS rate was
10 kHz and spinning sidebands are denoted by *. A recycle delay of (a,b) 60 s was used to
acquire 4 transients, except for the spectra in (a) acquired at —19 and 8 °C, where a recycle

delay of 500 s was used.

33 °C. An increase in temperature from 33 to 106 °C results in a decrease in T7.
At 116 °C, the Ty for 'H is ~10 s. For 7Li, a slight decrease in T is observed

from —19 to 33 °C, and a further increase in temperature results in a sharp
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Figure 6.16: VT (a) 'H and (b) "Li (11.7 T) MAS NMR spectra obtained between —19 and 106
°C for a sample of Li; 750H(25Cl synthesised via the Schlenk line method. The MAS rate
was 10 kHz and spinning sidebands are denoted by *. A recycle delay of (a,b) 60 s was used
to acquire 4 transients, except for the spectra in (a) acquired at —19 and 8 °C, where a recycle

delay of 500 s was used.

decrease. The “Li Ty at 116 °C is approximately 0.1 s, which is considerably
lower than the 'H T at the same temperature. These findings indicate that in

Li» 50H(5Cl, the Li ions exhibit a greater degree of mobility than the protons.
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Figure 6.17: Variation in the (a) 'H and (b) ’Li FWHM as a function of temperature from
the 'H and "Li (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for samples in
the series Li;_,OH,Cl where x = 0.25, 0.5, 0.75 and 1.

Both the 'H and “Li T; values for Li 50H 5Cl are similar to those reported for
Li;OHCI, suggesting a similar degree of ion mobility in both samples. The T;
data obtained between 63 and 116 °C, for both 'H and “Li, was further anal-

ysed to determine the corresponding activation energies. Arrhenius plots for
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both the 'H and “Li T; data are shown in Figure 6.19 and, in both cases, a lin-
ear fit is obtained. Activation energies of 0.39(6) and 0.38(1) eV are obtained
for 'H and “Li, respectively. These values are very similar, indicating a similar
energy barrier for the movement of both species. A comparison of these values
to those obtained for Li,OHCI, indicates a minor increase in the E, for 'H in
Li, s50H5Cl and a small decrease for “Li. Thus, suggesting that an increase in
the Li content of the sample results in a marginally lower energy barrier for Li

mobility. The proton mobility, on the other hand, faces a greater energy barrier.

To further understand ion mobility in Li 50Hg5Cl, a deuterated sam-
ple was studied via VT 2H MAS NMR between —13 and 110 °C. The corre-
sponding spectra are shown in Figure 6.20. The spectra obtained between —13
and 69 °C appear to be similar in lineshape although there is a noticeable re-
duction in the signal observed. In each case, an axially symmetric lineshape
is observed, indicating an absence of motion. The spectrum obtained at 33
°C was simulated to extract the corresponding quadrupolar parameters. The
simulated lineshape is shown in Figure 6.21 and the quadrupolar NMR pa-
rameters, Cq = 259(1) kHz and ng = 0.0(1), were obtained. As stated earlier,
these values indicate the presence of static OH™/OD™ groups. At 69 °C, an
additional broad resonance, albeit of very low intensity, is observed. As stated
earlier, this broad resonance is believed to correspond to mobile OH~/OD~
groups, more specifically, free rotation of these groups. As the temperature is
increased to 79 °C, the broad component increases in intensity and becomes
the dominant species, whilst the intensity of the manifold of sidebands cor-
responding to the static OH™/OD~ groups decreases. This indicates that an
increase in temperature leads to an increase in the proportion of freely ro-
tating OH™/OD™ groups. At 110 °C, the signal corresponding to the mobile
OH™ /0D~ groups increases considerably, whereas the opposite is true for the
signal arising from the static OH™/OD~ groups. Thus, suggesting that a large
proportion of the OH™/OD™ groups are mobile at this temperature.

A comparison of this data to that obtained for the parent material,
Li,OHCI, (Figure 6.8) indicates a number of differences. Most importantly,

the resonance corresponding to the mobile species becomes apparent at 79 °C
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Figure 6.18: (a) 'H and (b) "Li (11.7 T) T; values obtained between —19 and 116 °C for a
sample of Li, 50H,5Cl synthesised via the Schlenk line method. The estimated error bars

are smaller than the symbols used and are therefore not shown.

rather than 69 °C for Li,OHCI. Additionally, at 110 °C, the 2H MAS NMR
spectrum of Li;OHCI indicates that almost all of the OH™/OD~ groups are
mobile whereas, in Li, sOH( 5Cl, there are still a considerable number of static

OH™/OD™ groups. This indicates that, in Li, 5OH 5Cl, the OH™/OD™ groups
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Figure 6.19: An Arrhenius plot of (a) 'H and (b) "Li (11.7 T) T; data obtained for a sample of
Li; 50H, 5Cl synthesised via the Schlenk line method, over a temperature range of 63 — 116
°C. In both cases, a linear fit is obtained with gradients (a) —4.57(74) and (b) —4.37(10) and
R? = (a) 0.9500 and (b) 0.9989. Activation energies of (a) 0.39(6) eV and (b) 0.38(1) eV were

calculated.

become mobile much later and they do not become the dominant species un-
til higher temperatures. As discussed earlier, the movement of the OH™/OD~

groups is intimately connected to the movement of Li ions. The 2H MAS NMR
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Figure 6.20: VT 2H (11.7 T) MAS NMR spectra acquired between —13 and 110 °C for a sample
of Li; 50Dy 5Cl synthesised via the Schlenk line method. The MAS rate was 10 kHz. In all

cases, a recycle delay of 15 s was used to acquire 48 transients.
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Figure 6.21: Simulation of the 2H (11.7 T) MAS NMR spectrum acquired for Liy 50H5Cl
at 33 °C for a sample synthesised via the Schlenk line method. A recycle delay of 15 s was
used to acquire 48 transients. The spectrum was simulated to obtain the corresponding

quadrupolar parameters, Cq = 259(1) kHz and ng = 0.0(1).

data presented here for Li; 5OHg5Cl (Figure 6.20) indicates that, when com-
pared to the parent material, LiyOHCI, the OH™/OD~ groups become mobile
at higher temperatures, i.e., at 79 °C. Thus, suggesting that in Li, 50H( 5Cl, the
Li ions also become mobile at a higher temperature. This data also agrees with
the 'H E, previously determined, where the 'H E, was marginally higher than
that for the parent material, LipOHCI. Overall, the data appears to suggest that
an increase in the Li content results in proton mobility at higher temperatures,

which, in turn, suggests lower Li-ion mobility at lower temperatures.

6.3.5 Ab Initio Molecular Dynamics Simulations

To support our experimental findings, AIMD simulations were com-
pleted by our collaborators. The NMR data presented for LiOHCI indicated

that protons exhibit localised mobility, such as free rotation of the OH™ groups.
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Li, on the other hand, exhibits long-range mobility, i.e., movement throughout
the structure. To confirm this, mean square displacements were obtained for
each element in Li,OHCI from AIMD simulations completed at 800 K. The sim-
ulations were run for 50 ps and the data obtained is shown in Figure 6.22. The
MSD for Li increases linearly from 0 to ~6 A over the simulated time. Thus,
indicating long-range Li-ion diffusion. However, this is not the case for proton
transport, as the proton MSD begins to flatten before the end of the simulation.
Furthermore, the proton MSD never exceeds 2 A, which is far below the O-O
distance of 3.91 A in the high-temperature cubic phase of Li;OHCL.?!3 Thus,
again suggesting that protons do not partake in long-range diffusion and, in-
stead, exhibit only localised motion. It is noted that the MSDs corresponding to
O and Cl do not exhibit any change over the simulated time. Thus, suggesting

that these two species do not exhibit any mobility.

The AIMD simulations completed for Li,OHCl also produce diffusion
density maps for Li and H, shown in Figure 6.23. These maps are a sum of all
of the trajectories of Li and H accumulated over the length of the simulation. It
can be seen for both Li and H that the largest densities are located around the

corresponding crystallographic sites with considerable local oscillation. More-
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Figure 6.22: MSD plots for each element in Li,OHCI at 800 K.
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Figure 6.23: Density plots of trajectories for lithium ions (blue) and protons (black) in
Li,OHCI at 800 K. Oxygen positions are given in red. Chlorine ions are omitted for clar-

ity. Examples of local Li-ion jumps are highlighted with red dashed lines.

over, these maps suggest that significant Li-ion diffusion occurs via a vacancy
mechanism, in which Li ions diffuse to adjacent vacant sites both diagonally
and laterally to create long-range diffusion pathways. In contrast, there are
no long-range proton diffusion pathways identified, with only O-H rotational
motion observed. This is perhaps unsurprising when the O-O distance of 3.91
A is considered in these materials and compared to proton-conducting per-
ovskite oxides, such as BaZrO; (with an O-O separation of 2.97 A).%3? Clearly,
the large O-O distances in these anti-perovskite systems will inhibit significant

proton hopping transport.

The findings presented here (Figure 6.22 and 6.23) are in good agree-
ment with the VT 'H and “Li NMR data presented (Figures 6.1 and 6.2). As
the temperature is increased, line narrowing is observed in both the 'H and
7Li NMR data. Hence, both the H and Li are, to some extent, mobile within
the system. However, the changes observed in both the 1H T, values and the

FWHM indicate that the protons are not as mobile as Li. Higher 'H T values
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and reduced line narrowing indicate proton mobility is limited to rotation of
the OH™ groups. This is further validated by the 2H MAS NMR data shown.
Coupling these findings with the 'H, ?H and “Li NMR data presented, it is
believed that the mobility of the Li ions in Li,OH/DCl is very intimately con-
nected to the position of the OH™/OD~ groups within the structure. Based on
both the experimental and computational data presented, it is believed that a
change to cubic symmetry alone is not sufficient to increase the ionic conduc-
tivity of LiyOHCI. The AIMD calculations presented indicate that, in the cubic
phase of Li,OHCI, the OH™/OD~ groups point towards a Li vacancy and, as
the temperature is increased, the Li ions become mobile, starting to “hop” into
the Li vacancies and moving through the structure. As the temperature is in-
creased further, the Li ions start to hop at a faster rate. Since the OH™/OD~
groups point directly towards a Li vacancy, the movement of the Li-ions will
directly influence the position of the OH™/OD™ groups, i.e., when a Li vacancy
is filled, the H/D will rotate around the oxygen, repositioning itself so that it is
always pointing towards a vacancy, as it will therefore have the greatest degree
of freedom and movement. Essentially, whatever the position of a Li vacancy,
the OH™/OD~ groups will reorient themselves to ensure they always point in
the direction of a vacancy. To demonstrate this, a schematic representation of

the cubic structure and the movement of Li ions is shown in Figure 6.24.

Interestingly, in the AIMD calculations, O atoms were identified that
were coordinated to different numbers of Li ions, namely, three, four or five.
For oxygen atoms coordinated to three Li ions, the proton movement is faster
as it has more space to rotate into (because there are effectively three vacant
sites). Conversely, for O atoms coordinated to five Li-ions, the movement is
more restricted and hence the OH™ groups are limited in the spaces they can
rotate into. Hence, the presence of multiple coordination environments in the
supercell calculations appears to correlate well with the 2H NMR findings, and

the presence of both static and mobile OH™/OD~ groups.

In order to study the effect of different H and Li content on ion mobil-
ity, AIMD simulations were also completed for the Li3_yOH,Cl (x = 0 to 1.06)

system. The representative MSD plots obtained for Li in different composi-
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Figure 6.24: Schematic representation of the Li-ion hopping mechanism in the cubic Pm3m
phase of Li;OHCI. The OH™ groups point towards Li vacancies. Li-ion hopping occurs via
these vacancies, denoted by the blue dashed arrows. Rotation of the OH™ groups occurs as

a result of a nearby Li ion hopping to an adjacent site, denoted by the black dashed arrow.

tions, Li3_xOHCl (x = 0, 0.5, 0.56, 1 and 1.06) at 800 K, are shown in Figure
6.25. Several key points emerge from these plots. First, it is clear that with
increasing proton concentration, there is a concomitant increase in Li-ion dif-
fusion at 800 K. This is perhaps unsurprising given the increase in Li vacancy
concentration as a result of hydration. It is well known that Li vacancies are the
dominant charge carriers in anhydrous Li;OCl with defects.>®129132226 These
results reinforce the fact that there is a strong correlation between Li-ion trans-

port and proton concentration.

Second, the increase in Li-ion diffusion extends beyond x = 1, i.e.,
Li,OHCI. This indicates that the formation of water molecules at low concen-
trations does not hinder Li-ion transport and the increasing Li vacancy con-
centration still dominates. For large proton concentrations (x = 2), it is known
experimentally that LiOH,Cl (or LiCl-H,0O) is orthorhombic in space group
Cmcm.?'3 This is indicative of Li ordering, as confirmed by single-crystal XRD
studies,>* and a reduction in Li-ion mobility. The poor Li-ion conductivity of
LiCl-H,O was confirmed by Schwering et al., with values dropping below the

levels of detection (<1078 S cm™!) of the impedance analyser.?!3
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Figure 6.25: MSD plots of Li* in five different compositions of Liz_yOHCl (x = 0, 0.5, 0.56, 1

and 1.06) at 800 K, showing increased Li-ion diffusion with increasing proton concentration.

Third, in LizOCI (x = 0), there is no Li diffusion due to the lack of Li
vacancies. It is well known that perfect crystals are not good ion conductors
as there are no pathways for ion transport. Hence, a certain amount of dis-
order is required for ion conduction. Disorder is usually introduced into this
system via LiCl Schottky defect pairs, as found experimentally and compu-

tationally. 132135

The calculations presented here indicate that proton incorpo-
ration can provide an alternative mechanism for introducing disorder in the

anti-perovskite material.

The self-diffusion coefficients for Li were converted into Li-ion con-
ductivities and are presented as an Arrhenius plot in Figure 6.26. The conduc-
tivity data for compositions x = 0.5, 0.56, 1.0 and 1.06 can be divided into two
main groups. For low proton concentrations, x = 0.50 and 0.56, low activation
barriers of 0.32 and 0.30 eV are obtained, respectively. Whereas, for high pro-
ton concentrations (x = 1.00 and 1.06) slightly higher activation barriers of 0.41
and 0.42 eV are observed, respectively. It is clear from the calculations pre-
sented that although the Li-ion conductivities of Li,OHCI and Lij.94OHj 06Cl
are higher than those of Li; 50H5Cl and Liy 440H( 56Cl at high temperatures
(>550 K), they are significantly lower at typical solid-state battery operating
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Figure 6.26: Li-ion conductivities and activation energies of Liz_yOHxCl (x = 0.5, 0.56, 1.0

and 1.06) derived from AIMD simulations.

temperatures (~270 — 400 K). These results suggest that compositions with low
proton concentrations (x = ~0.5) will have superior Li-ion transport properties
in practical battery applications when compared to compositions with high
levels of protons. We can compare our conductivity values to experiment by
extrapolating our calculated values to lower temperatures. Hood et al.?!* ob-
tained a conductivity of ~1 X 107% S ecm™! at 373 K for fast-cooled Li,OHC],
which is in excellent agreement with our extrapolated value of ~1.7 x 1074 S

cm™ L,

Our calculated E, of 0.41 eV for Li mobility in LiOHCI is in good
agreement with the value obtained from the “Li T; data (0.39 eV). It is noted
that slightly higher values of 0.56 and 0.52 eV were determined by Hood et
al.?* and Li et al.,?* respectively, using EIS. As mentioned earlier, there is
typically a discrepancy between the E, values determined via NMR and EIS.
This is because NMR is a local probe and only detects the motional processes
in the bulk of the materials, whereas, EIS can detect motion both in the bulk of
the material and at the grain boundaries. The calculations demonstrated that
E. decreases with increasing Li content, and an E, of 0.32 eV was calculated

for Lip 50Hp5ClL. This is also in agreement with our NMR data, where an E,
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of 0.38 eV was determined for Li 5OHg5Cl, which is slightly lower than the
parent material, Li,OHCI.

6.3.6 35Cl1 MAS NMR Spectroscopy

To gain a greater structural understanding of this system, Li,OHCI
was also studied via VT *Cl MAS NMR spectroscopy. The spectra acquired at
33, 63,79 and 106 °C are shown in Figure 6.27. The spectrum acquired at 33 °C
corresponds to the room-temperature phase of LiyOHCI and, as the tempera-
ture is increased to 63 °C, the lineshape changes owing to the phase transition
to cubic symmetry. The 3CI MAS NMR data obtained at 33 and 63 °C have
been discussed in Chapter 4 and, as such, will not be discussed in any great
detail here. Instead, they will be discussed in the context of a comparison with
the VT ¥Cl MAS NMR data obtained. As the temperature is increased to 79 °C
the lineshape is similar to that acquired at 63 °C. However, there is a significant
reduction in the observed signal intensity. At 106 °C, there is a further decrease

in the signal, making it difficult to obtain a good quality spectrum. Following

1
100 0 -100 -200 -300
0 35Cl (ppm)
Figure 6.27: VT 35Cl (11.7 T) MAS NMR spectra acquired at 33, 63, 79 and 106 °C for a sample
of Li;OHCIl synthesised via a conventional solid-state route. The MAS rate was 12 kHz and
spinning sidebands are denoted by *. In all cases, a recycle delay of 5 s was used to acquire

2560 transients. The resonance corresponding to LiCl is denoted by t.
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the phase transition, the lineshape corresponding to Li,OHCI appears at the
same chemical shift, but its intensity gradually decreases with increasing tem-
perature. It is noted that a signal pertaining to LiCl (present as an impurity)
is also observed. The signal from LiCl remains unchanged at all temperatures,
indicating that the signal reduction is related to a change in the local environ-

ment of the Cl in Li,OHCI and not the experimental conditions employed.

At present, it is not clear why this reduction in signal intensity occurs.
Following the phase transition to cubic symmetry at ~35 — 40 °C, Li,OHCI ex-
ists in the cubic phase until it melts. Hence, the decrease in signal observed
cannot be attributed to any significant structural changes within the sample. It
has already been demonstrated that, as the temperature increases, Li ions be-
come mobile throughout the structure, and protons undergo rapid rotational
motion. Hence, it is possible that the movement of these species causes the lo-
cal environment of CI to change, which could have a significant impact on the
NMR parameters observed and, consequently, the signal observed. However,
it is noted that the local environment of the species exhibiting mobility (H and
Li) also changes rapidly, but no such signal reduction was observed in 'H and
7Li NMR spectra. Another possibility is that Cl could be exhibiting some mo-
tion. Cl could display a high degree of thermal motion within the unit cell or
perhaps exchange between the two %Cl sites observed in the spectrum corre-
sponding to the cubic phase. However, translational motion, similar to H and
Li, is unlikely as line narrowing would likely be observed in such instances.
Here, no line narrowing is observed. Instead, a progressive drop in the signal

intensity is observed.

If Cl were to move from one site to another, this could be monitored /ob-
served via ®Cl EXSY. Hence, EXSY experiments were completed at 33, 63 and
79 °C, and the resulting spectra are shown in Figure 6.28. Unfortunately, it was
not feasible to obtain a spectrum of reasonable quality at 106 °C owing to a
distinct lack of signal. All of the EXSY spectra obtained exhibit a signal solely
on the diagonal, corresponding to the *Cl MAS NMR spectrum for Li;OHCI.
If the nucleus under observation was to take part in an exchange process from

one site to another, then ”“cross-peaks” would be observed between the two
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Figure 6.28: 3°C1 (11.7 T) EXSY spectra acquired at (a) 33, (b) 63 and (c) 79 °C for a sample of

Li;OHCI synthesised via a conventional solid-state route. The MAS rate was 12 kHz. In all

cases, a mixing time of 0.1 s was used and a recycle delay of 1 s was used to acquire (a) 96,

(b) 480 and (c) 384 transients.
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sites involved. Here, however, no such cross-peaks are observed, indicating
that no exchange has taken place on the timescale investigated. This is in agree-
ment with the AIMD simulations presented (Figure 6.22), where the MSD plots
for Li,OHCl indicated CI does not exhibit any motion.

These findings therefore suggest that the gradual disappearance of the
3l signal with increasing temperature is unlikely to be caused by Cl mobil-
ity. It is more likely that the reduction in signal with increasing temperature is
the result of changes in the local Cl environment caused by movement of sur-
rounding Li and H species, as they undergo translational and local mobility,
respectively. The NMR data presented earlier demonstrated that an increase
in temperature results in an increase in proton and Li-ion mobility. This coin-
cides with the gradual drop in the **Cl signal. Thus, it is possible that these
changes could cause the EFG experienced by the Cl to change, making it less
feasible to observe the Cl. Therefore, as the temperature is increased, the signal
diminishes in intensity. It is noted that, these suggestions cannot be confirmed
from the current data alone. Thus, the exact cause of the diminishing %°Cl sig-

nal with increasing temperature remains unclear.

A sample of Li; 50H5Cl was also analysed via VT 35C1 MAS NMR
spectroscopy and the spectra obtained at 33, 63 and 106 °C are shown in Figure
6.29. The spectra acquired at 33 and 63 °C correspond to the room-temperature
and the high-temperature phase, respectively. It is noted that they have been
discussed in detail in Chapter 4 and are only shown here for comparison. As
stated earlier, the lineshape changes significantly following the phase transi-
tion from the room-temperature structure to the cubic phase in space group
Pm3m. The lineshape observed at 33 and 63 °C was simulated, and three dis-
tinct Cl sites were observed in both cases. The Cl sites observed at 33 °C ap-
peared to be similar to those observed for the parent material, Li,OHCI. At 63
°C, Li;OHCl exhibited two distinct Cl sites. However, the Lir 5OH( 5Cl sample
was observed to have three distinct Cl sites. The additional site observed at 63
°C was attributed to the impurity phase present in the sample. As the temper-
ature is increased to 106 °C, the lineshape of the 3>Cl resonance observed for

Li» 50H(5Cl changes significantly. In a similar manner to LiOHCI a drop in
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Figure 6.29: VT 3°Cl (11.7 T) NMR spectra acquired at 33, 63 and 106 °C for a sample of
Li; 50H5Cl synthesised via the Schlenk line method. The MAS rate was 10 kHz. In all

cases, a recycle delay of 10 s was used to acquire 2560 transients.

the intensity of the signal is observed. However, in this instance, signal is still
observable at 106 °C, whereas for Li;OHCI, the signal was barely visible. This
sample also contains an impurity phase, as discussed in Chapter 4. Hence,
it is difficult to determine whether the signal corresponding to Li, 50H5Cl
has disappeared completely or not. As discussed earlier, the precise cause of
a reduction in the 3°Cl signal is unclear. It was suggested that this could be
an indirect consequence of proton and Li-ion mobility as the movement of
these species will lead to rapid changes in the EFG experienced by Cl. This,
in turn, could make the signal unobservable. Earlier, the 1/2H and 7Li NMR
data presented for Li, s5OH/Dj5Cl demonstrated proton and Li-ion mobility.

Therefore, the same could also be true for Li, sOH 5Cl.

6.4 Conclusions

This chapter was dedicated to investigating ion dynamics in Li;OHCI
synthesised via a conventional solid-state reaction and samples in the related
series Li3_xOH\Cl (x = 0.25, 0.5 and 0.75) synthesised via the Schlenk line
method. VT 'H and “Li MAS NMR experiments were completed for all sam-
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ples between —19 — 106 °C. In all cases, a single resonance was observed and
the lineshape narrowed as a function of temperature, indicating that both the
protons and Li ions exhibit mobility in these samples. VT static “Li NMR ex-
periments were also completed for Li,OHCI over the temperature range —65 —
230 °C. Here, the resonance corresponding to the room- and high-temperature
phase exhibited a different lineshape. As with the “Li MAS NMR data, here
too, an increase in temperature resulted in a narrowing of the resonance, sug-
gesting mobility. To confirm proton and Li-ion mobility, 'H and “Li T mea-
surements were completed for samples of Li,OHCI and Li; 50H5Cl. Both
samples were observed to exhibit proton and Li-ion mobility and the data ob-
tained suggested that, in both cases, Li ions exhibit greater mobility. The E,
calculated from the 'H, and 7Li T; data indicated that, in Li;OHC], the Li-ions
face a higher energy barrier when compared to the protons. In Li; 50Hg5Cl,
however, the energy for both proton and Li-ion movement is similar and the E,
for protons is higher than for LiOHCI, and for Li-ions it is slightly lower than
for Li,OHCIL. Whilst the 'H and “Li NMR data obtained demonstrated that
both species are mobile, the nature of the movement of these species, however,
could not be discerned from this data alone. To probe this further, Li,OHCl
was analysed via VT 2H NMR spectroscopy under static and MAS conditions.
The sample was shown to contain static OH™/OD~ groups from —19 to 63
°C. At 69 °C, some of the OH™/OD~ groups became mobile, meaning that
the sample contained both static and mobile OH™/OD~ groups. An increase
in temperature led to an increase in the proportion of the mobile OH™/OD~
groups present in the sample and at 110 °C, almost all of the OH™/OD™ groups
appear to be mobile. The linewidths obtained in the 2H MAS NMR spectra
at high temperatures (95 and 110 °C) strongly suggest that the protons are
undergoing a rotational motion rather than long-range motion, i.e., dissociat-
ing and moving throughout the structure. Interestingly, in Li, 5OHg5Cl, the
OH~™/OD~ groups were observed to become mobile at higher temperatures
(79 °C) relative to Li,OHCI. The parent system, Li,OHCI, was also analysed
via 'H and “Li PFG-NMR spectroscopy. The data obtained confirmed Li-ion

diffusion throughout the structure, whereas the protons did not undergo any
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long-range motion.

AIMD simulations were completed to support the NMR findings. The
MSDs plotted for each element in Li;OHCI at 800 K and the diffusion density
maps extracted, indicated that Li ions indeed exhibit diffusion throughout the
structure, whereas the protons only exhibit localised motion. Thus, confirm-
ing the experimental findings. The AIMD simulations, in conjunction with
the NMR data, have been used to propose a mechanism for Li-ion and proton
movement. The AIMD calculations indicated that there were O atoms coor-
dinated to three, four or five Li-ions and the proton movement was faster for
O atoms connected to three Li-ions. This is because there are more sites for
it to rotate into. It appears that the OH™/OD~ groups point directly towards
a Li vacancy and, when a Li vacancy is filled, the H/D rotates around the O
to point towards another vacancy. Thus, explaining the influence of Li-ion
movement on the OH™/OD™ position. Li MSDs for Liz_yOHCl (x =0, 0.5, 1
and 1.06) indicated that an increase in Li concentration results in a decrease
in Li-ion diffusion. This is in agreement with the 2H MAS NMR data because
in Li; 5O0Hg 5Cl the OH™/OD™ groups became mobile at higher temperatures
when compared to Li,OHCI, in turn suggesting that Li-ions in Li; 50H5Cl
also become mobile at higher temperatures when compared to Li,OHCI. The
E, determined for Li mobility in Li3_OH\CI (x = 0, 0.5, 1 and 1.06) via AIMD
calculations were in agreement with those determined via NMR. In general,
the energy barriers were found to decrease with increasing Li concentration.
Interestingly, the Li-ion conductivities obtained at high temperatures such as
>550 K suggested that samples with a lower Li concentration, conversely a
higher proton concentration, will have a higher Li-ion conductivity. However,
the Li-ion conductivities were significantly lower at typical operating temper-
atures (~270 —400 K) for solid-state batteries. Thus, suggesting that an increase

in Li concentration will produce samples with higher Li-ion conductivities.

Finally, samples of Li;OHCI and Li, 50Hg 5Cl were also analysed via
VT 3°Cl MAS NMR spectroscopy. Interestingly, in both cases, the signal ob-
tained exhibited a significant decrease in intensity with increasing tempera-

ture. The reason for this reduction in signal remains unclear. It was thought

308



that Cl could be exhibiting mobility. However, no line narrowing was observed
in the 3°C1 MAS NMR spectra. LipOHCI was also analysed via VT 35Cl EXSY,
and no cross-peaks were observed at any temperature. Thus, indicating that
no inter-site exchange takes place in Li,OHCI. Moreover, the MSD for Cl in
Li,OHCI obtained from AIMD simulations did not exhibit any change during
the simulation. Therefore, the gradual reduction in signal is unlikely to be due
to Cl mobility as no motion is detected on the NMR timescale. It was also sug-
gested that the signal reduction could be an indirect consequence of the pro-
ton and Li-ion mobility. As demonstrated earlier, the protons and Li ions in
both samples become increasingly mobile with increasing temperature. There-
fore, as the movement of these species speeds up, the EFG experienced by the
Cl starts to change, which, in turn, causes the signal to become unobservable.
However, the exact cause of the progressive signal reduction observed for both

samples is yet to be confirmed.
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7 Probing Compositional Changes in Li,OHCl

7.1 Introduction

In a similar manner to perovskites, anti-perovskites are known to ex-
hibit extreme structural flexibility. Hence, various types of structural mod-
ifications via cation and/or anion substitution are possible. Such structural
changes will affect the ionic conductivity and other physical properties of the
material. In fact, the composition of the material can be fine-tuned to produce
a material with a very high ionic conductivity. Hence, there is considerable
motivation for altering the composition of anti-perovskites, as it could result

in a high-performance solid electrolyte material.

Recently, Li and co-workers reported that partially substituting OH™
in Li;OHX (X = Cl or Br) with F~ produces a promising solid electrolyte, as the

234 EIS measurements indicated that

material exhibits high ionic conductivity.
Lip(OH)o.9F0.1Cl exhibits a conductivity of 3.5 x 107> S em™! at 25 °C, which
increases to 1.9 x 1073 S cm™! at 100 °C. An activation energy of 0.52 eV was
determined via EIS, and Liy(OH)9Fo1Cl was found to be stable on contact
with metallic Li. They reported that partially substituting OH™~ with F~ pro-
duces a cubic phase at room temperature. This is interesting as the cubic struc-
ture is believed to be better suited for Li-ion mobility when compared to the
orthorhombic structure of the parent material, LiOHCI. They also propose
that the absence of H reduces steric hindrance and thus promotes Li-ion mo-
bility. Hanghofer et al. recently suggested that fluorine substitution is likely to

replace CI~ instead of OH™.2!% However, no experimental evidence was pro-

vided to support this hypothesis.

More recently, Effat and co-workers studied Li,OHCI and its fluori-
nated analogues, Li;(OH) 9Fp.1Cl and Li;OHClg 9Fy 1, via computational meth-
0ds.?3® DFT calculations and AIMD simulations were completed to assess the
stability of these materials and their suitability as Li-ion conductors. All three
LiRAPs were found to have similar formation energies that are much more

favourable when compared to Li3OCl, meaning their synthesis should be eas-
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ier when compared to Li3OCl. However, in a similar manner to LizOCI and
Li;OHC], the fluorinated LiRAPs are metastable and may decompose to form
LiCl, LiF and Lig(OH)3Cl. The AIMD simulations identified Li as the only
species to exhibit long-range motion within LiOHCI and its fluorinated ana-
logues, Li2(OH)o9Fp1Cl and Li,OHClyoFp 1. The movement of Li-ions is be-
lieved to be mediated via vacancies. The calculated ionic conductivities and
activation energies suggest that fluorine doping is an appropriate method for
improving the ion conductivity of Li;OHCI. As such, Li(OH)9F1Cl is pre-
dicted to exhibit an ion conductivity of 0.05 x 1072 S cm™! at 25 °C, which is
expected to increase to 0.94 X 1073 S ecm™! at 100 °C, with an E, of 0.40 eV.
Li;OHCly9Fp 1, on the other hand, is expected to be an even better Li-ion con-
ductor with an ion conductivity of 0.38 X 1073 S em™! at 25 °C, which increases
to 4.78 X 1073 S cm™! at 100 °C. A lower E, of 0.35 eV was also calculated for
Li,OHCly9Fp .

The composition of LipOHCI can also be modified via halide mixing,
e.g., substituting C1~ with Br~ to produce Li;OHCl;_Bry (x = 0 - 1). As stated
earlier, the end member of this series, LiyOHBr, has been studied by Schwer-
ing et al. and is reported to adopt a cubic structure at room temperature, in
space group Pm3m.?!> No phase transition was observed between room tem-
perature and —50 °C, indicating LiyOHBr remained cubic. LiOHBr was inves-
tigated via static VT “Li NMR and the resonance was observed to narrow with
increasing temperature. “Li T; measurements were also completed, and an ac-
tivation energy of 0.37 eV was determined. Li,OHBr has also been deuterated
and studied via neutron diffraction and 2H NMR by Eilbracht et al.?!> They
report a phase transition in Li,OHBr without a symmetry change due to a dis-
continuity of the thermal expansion of the lattice parameter and cell volume at

~60 °C. However, detailed crystallographic information was not reported.

This chapter describes attempts to modify the composition and, hence,
the structure of Li;OHCI via fluorine doping to form Li(OH)o9Fp1Cl, and
halide mixing to produce samples in the series Li,OHCl;_4Bry (x = 0.1 - 1).
In a similar manner to LiyOHCI, the samples discussed in this chapter were

prepared via air-sensitive methods and studied via a combination of diffrac-
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tion and NMR techniques to observe any structural changes occurring upon
substitution and to understand the subsequent effects these may have on their

physical properties.

7.2 Experimental

7.2.1 Synthesis

Samples of Lir(OH)o 9Fo.1Cl and Li,OHCl;_Bry (x = 0.1 — 1), were syn-
thesised via the muffle furnace method described in Chapter 3, using LiCl
(Alfa Aesar, ultra dry, 99.9%), LiOH (Acros Organics, anhydrous, 98%), LiF
(Acros Organics, anhydrous, 99.98%) and LiBr (Alfa Aesar, ultra dry, 99.9%)
as precursors. The powdered samples were placed in an alumina or zirconia
crucible and heated at 350 °C for 30 mins in a muffle furnace located inside
an Ar-filled glovebox. Once the reaction was complete, the furnace was al-
lowed to cool to room temperature and the sample was recovered. Samples
of Lio(OH)g.9F0.1Cl, Li;OHBr and Li;OHCly 4Brg ¢ were deuterated using LiOD
as a precursor and the synthetic procedures outlined above. The preparation

method for LiOD is described in Chapter 4.

7.2.2 X-ray Diffraction

All samples were ground using an agate mortar and pestle and packed
into 0.7 mm special glass capillaries, inside an Ar-filled glovebox. All XRD pat-
terns were recorded on a Bruker d8 diffractometer using Mo (A = 0.71073 A)
radiation. All scans were acquired for 20 = 5 —40°, with a step size of 0.01° and
a step time of 2 seconds. During all scans, the capillary was continually ro-
tated at 60 rpm to reduce the effects of preferred orientation. VT XRD patterns
were also acquired for Li)OHBr on the Bruker d8 diffractometer, where the
temperature was increased at 10 °C per hour from —163 to 77 °C, whilst contin-
uously recording the diffraction pattern. The experimental temperatures were
controlled via an Oxford Cryosystems Cryostream and set using the Cryopad
control software. Rietveld refinements were completed using the GSAS-II soft-

ware. >0 Parameters including the background, unit cell size, isotropic thermal
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coefficients, and the peak profile coefficients were refined.

7.2.3 Solid-State NMR

All solid-state NMR spectra were acquired using a Bruker 500 Avance
IIT HD spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, using
Larmor frequencies of 499.69 MHz for 'H (I = 1/2), 76.77 MHz for ?H (I = 1),
194.20 MHz for “Li (I = 3/2), 49.00 MHz for %°Cl (I = 3/2) and 125.30 MHz for
7Br (I = 3/2). Powdered samples were packed into conventional 4.0 mm ZrO,
rotors under an Ar atmosphere and placed into a Bruker 4.0 mm HX probe.
A MAS rate of 10 kHz was employed, unless otherwise stated. 'H chemical
shifts were referenced to neat tetramethylsilane, by setting the resonance from
a sample of adamantane to diso = 1.9 ppm. “Li chemical shifts were referenced
to 1 M LiCl(,g)- 2H chemical shifts were referenced to (CD3)4Si using a sample
of CDCl3, biso = 7.24 ppm. *>Cl chemical shifts were referenced to 1 M NaCl(ag).
79Br chemical shifts were referenced to 1 M NaBr in D,O using a sample of KBr,

diso = 0 ppm.

Standard VT 'H, ?H and “Li MAS NMR experiments were completed
between —19 and 110°C using conventional hardware. All 'H MAS NMR spec-

tra were acquired using a background suppression (DEPTH)!%”

experiment
with typical /2 and 7t pulse lengths of 4 and 8 s, respectively. Conventional
’Li MAS NMR spectra were obtained using a single pulse experiment with
a typical pulse length of 1.5 us. During the acquisition, proton decoupling
was applied using SPINAL-64,'% with a RF field of 32 kHz. Typical RF field
strengths of 62 — 166 kHz were employed. 'H and “Li T; values were measured
using a saturation recovery experiment. Static and MAS 2H NMR spectra were

obtained using a solid-echo (90°x — T - 90° — 1) experiment with a pulse length

of 4 us and REF field of 62.5 kHz.

VT ¥CI MAS NMR spectra were acquired between 33 — 109 °C using a
hahn-echo (90°« — T - 180° — 1) experiment with a pulse length of 4 us and RF
field of 62.5 kHz. 7Br MAS NMR spectra were acquired across the temperature
range —14 — 106 °C using a single pulse experiment with a pulse length of 3 us

313



and RF field of 83.3 kHz.

VT F MAS NMR experiments were completed over the temperature
range —14 to 106 °C using a Bruker 400 Avance III HD spectrometer, equipped
with a wide-bore 9.4 T magnet, using a Larmor frequency of 376.50 MHz for 1°F
(I = 1/2). Chemical shifts were referenced to trichlorofluoromethane (CCI3F).
The sample was packed into a 3.2 mm ZrO, rotor inside an Ar-filled glovebox
and placed into a Bruker 3.2 mm HFX probe. A MAS rate of 20 kHz was
employed for all '’F MAS NMR experiments. VT F MAS NMR spectra were
acquired using a hahn-echo (90°x — Tt — 180°% - T) experiment with a pulse
length of 3 us and RF field of 83.3 kHz. '°F T; values were measured using

a saturation recovery experiment.

Specific details regarding the recycle delays used are provided in the
relevant figure captions. In all cases, quoted temperatures have been calibrated
and reflect the true temperature of the sample during the experiment. Selected

NMR spectra were fitted using the SOLA tool in Topspin 4.0.

7.3 Results and Discussion

7.3.1 Liz(OH)O.gFOJCl
7.3.1.1 Synthesis

As stated earlier, the composition of LiyOHCI can be altered via flu-
orine doping, and a fluorine-doped analogue of Li;OHCI, Li,(OH)o9F¢.1Cl, is
reported to exhibit a much higher ion conductivity than Li;,OHCL.?** In order
to understand the ion dynamics in Lio(OH)9Fo1Cl, a sample was prepared
and studied extensively via multinuclear VT SSNMR. The synthesis was com-
pleted using the same reaction conditions as Li,OHCI prepared via the muffle
furnace method (vide supra). Here, OH™ is being partially replaced by F~. Even
though fluorine is a halide, it is expected to occupy the OH™ site rather than
the CI~ site, based on their similar ionic radii (rjopnF~ = 1.33 A and rjocnOH~
= 1.37 A).!! The XRD pattern obtained for the sample synthesised is shown in

Figure 7.1(a). Also shown are the diffraction patterns obtained for the reagents,
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Figure 7.1: (a) X-ray diffraction pattern obtained for a sample of Li;(OH)(9F;1Cl synthe-
sised via a conventional solid-state reaction completed inside an Ar-filled glovebox. The
reaction temperature was 350 °C and the reaction time was 30 mins. Also shown for compar-
ison are the diffraction patterns obtained for the reagents, LiF, LiCl and LiOH. (b) Rietveld
refinement of the XRD data for Li(OH)g 9F1Cl using the Pm3m (Liz(OH)9Fo1Cl), Pban
(Li;OHCI) and Fm3m (LiCl and LiF) structural models.9%23 42 = 4.19, wRp = 11.15%, Rp =
8.57%.
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LiF, LiCl and LiOH. The diffraction pattern obtained for Li,(OH)g9F01Cl ap-
pears to resemble that of the high-temperature phase of Li,OHCI, suggesting
a cubic phase in space group Pm3m has been formed. There also appear to be
reflections corresponding to LiCl and LiF, suggesting the presence of residual
starting materials. However, there are no reflections to indicate the presence of

LiOH. Similar observations were made for the parent material, Li, OHCL

Rietveld analysis was completed using the XRD data and the Pm3m
(Lio(OH)9F1Cl), Pban (Li;,OHCl) and Fm3m (LiCl and LiF)1992% structural
models. The refinement is shown in Figure 7.1(b), and the corresponding struc-
tural parameters, including the isotropic thermal coefficients, are detailed in
Table 7.1. At first glance, the fit obtained appears to be of a very good quality

with a x* = 4.19 and wR;, = 11.15%. All major reflections are indexed using the

Table 7.1: Structural parameters obtained for a sample of Li;(OH)(9Fy 1Cl synthesised via
a conventional solid-state reaction completed inside an Ar-filled glovebox, from Rietveld
refinement of the XRD data using isotropic thermal coefficients. Lix(OH)(¢Fo1Cl: space
group Pm3m, a = 3.91029(4) A, V = 59.790(2) A3, phase fraction = 64.28(34)%. Li,OHCI:
space group Pban, a = 7.77402(82) A, b = 8.00049(71) A, c = 3.82989(37) A, V = 238.204(27) A3,
phase fraction = 28.34(35)%. LiCl: space group Fm3m, a = 5.14850(9) A, V = 136.471(7) A3,
phase fraction = 6.07(6)%. LiF: space group Fm3m, a = 4.03374(36) A, V = 65.633(17) A3, phase
fraction = 1.31(11)%. x2 = 4.19, wRp = 11.15%, Rp = 8.57%.

Atom x y z Occ. Ul(iso) x 100 (A?)

Li2(OH)9F.1Cl

Li 0.5 0 0 0.667 7.6(3)

o 0 0 0 0.9 2.5(17)

H 0.1279 0.1279 0.1279 0.113 2.5(17)

F 0 0 0 0.1 3.0(141)

cl 0.5 0.5 0.5 1 2.9(1)
LiCl

Li 0.0 0.0 0.0 1 3.7(4)

cl 0.5 0.5 0.5 1 2.2(1)
LiF

Li 0.5 0.5 0.5 1 1.1(10)

F 0.0 0.0 0.0 1 1.5(8)
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models included in the refinement, and there is an excellent match between
the observed and calculated reflection intensities. The refinement confirms
that Lio(OH)o.9Fo.1Cl exists in a cubic structure in space group Pm3m. Thus,
indicating that fluorine doping stabilises the cubic phase at room temperature.
These findings are in agreement with those reported by Li et al.,?3* who rea-
soned that fluorine substitution increases the tolerance factor (Equation 1.3) of
the material, and therefore, the sample produced adopts a cubic structure. A
lattice parameter of 3.91029(4) A is obtained for Lip(OH)0.9Fo.1Cl, which agrees
with the values previously reported in the literature for the high-temperature
cubic phase of LipOHCI. Unfortunately, Li et al.?3* did not report any crystal-
lographic information for Li;(OH)g9Fo1Cl. Therefore, a direct comparison of

structural parameters is not possible.

It is noted that there are two reflections of very low intensity at 260 =
14.23 and 19.54°, that do not correspond to any of the expected phases. Thus,
suggesting the presence of an impurity phase. Earlier, the diffraction pattern
corresponding to LiOHCI was also observed to exhibit an additional reflection
at 20 = 14.21°. This suggests that the impurity phase(s) present in the Li,OHCl
sample may also be present in this sample. The Li(OH)g9F¢ 1Cl sample also
contains residual LiCl and LiF, suggesting that not all the F~ added was suc-
cessfully incorporated into the structure. Consequently, the exact value of x in
Lip(OH);-xFxCl likely differs somewhat from 0.1, meaning the composition of
the desired phase is not exactly as intended. Unfortunately, the fractional oc-
cupancies cannot be refined to obtain reliable values due to the low resolution
of laboratory XRD data. Thus, the precise composition of the desired phase
cannot be determined using this data alone. Hence, the fractional occupancies
for atoms in the Pm3m phase were fixed to reflect the intended composition of
Lip(OH)o9Fo.1Cl. Furthermore, inspection of the thermal coefficients obtained
for atoms in Lip(OH)9F¢.1Cl indicates an unusually large value for Li. This is
similar to the observations made for all of the LiIRAP samples discussed thus
far and agrees with the literature.?!? Earlier, it was suggested that it is most
likely due to discrepancies in the structural model, i.e., inaccurate atomic coor-

dinates and/or occupancies or ion mobility in the samples. This could also be
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the case for this sample as the occupancy values used in the model most likely

differ in reality, as evidenced by the presence of residual LiCl and LiF.

As stated earlier, the sample also appears to contain the parent mate-
rial, Lip)OHCI. Thus, the new Pban model proposed and discussed in Chapter
4 (Figure 4.12 and Table 4.9) was included in the Rietveld analysis. The reflec-
tions believed to correspond to LiOHCI are successfully indexed using the
Pban model. However, the fractional occupancies for Li and H could not be
refined to sensible values as attempts at refinement consistently resulted in a
negative fractional occupancy for Li2. Hence, the fractional occupancies were
fixed to the values determined earlier for LiOHCI (Table 4.9). Additionally, at-
tempts to refine the thermal coefficients produced several unrealistically large
values. Thus, the thermal coefficients for all atoms in Li,OHCI were fixed at
2.5 % 1072 AZ. Moreover, the thermal coefficient obtained for Li in LiCl is some-
what larger than expected, whereas the coefficients for both Li and F in LiF are
quite small but have relatively large errors. As mentioned earlier, these issues
are likely due to slight inaccuracies in some of the models used. It is possible
that inaccuracies in the Liy(OH)p9F(1Cl and Li,OHCI models also influence

the structural parameters obtained for LiCl and LiF.

Lastly, the phase fractions were refined to determine the relative quan-
tities of each phase present in the sample. The sample appears to contain
64.28(34)% Lix(OH)o.9F0.1Cl, 28.34(35)% Li,OHCl, 6.07(6)% LiCl and 1.31(11)%
LiF. It is noted that this is not the precise composition of the sample owing
to the presence of an unknown impurity phase, albeit in a very small quan-
tity. The phase fractions determined are also likely to be affected by the struc-
tural parameters that could not be refined to sensible values. Nevertheless,
the values stated above provide a reasonable indication of the actual sample
composition. It appears that most of the sample consists of the desired phase.
However, a sizeable amount of the parent material, LiOHC], is also produced.
The starting materials, on the other hand, are present in relatively low quanti-
ties. Interestingly, as with LiOHCI, only the lithium halides are leftover. No
LiOH is detected. Earlier, it was suggested that this could be due to lithium

halide-based defects in the structure. These defects may also be present in

318



the fluorine-doped sample. Hence, the presence of residual LiCl and LiF. In
addition, Effat and co-workers?® have suggested that Lio(OH)p9Fp1Cl is a
metastable phase that is likely to decompose to form LiCl, LiF and Lis(OH)3;Cl.
This could explain the presence of residual LiCl and LiF and a small impurity
phase. Moreover, Effat and co-workers?*® proposed Li;OHClyoF as a viable
composition with a formation energy similar to LiyOHCI and Li(OH)g 9Fo.1Cl.
Thus, it is possible that some of the F~ could have occupied the Cl sites. This
could explain the presence of residual LiCl and the difficulties in obtaining
sensible structural parameters during refinement. However, these suggestions
cannot be confirmed for certain via laboratory XRD data. High-resolution
diffraction studies would need to be completed for a thorough characterisa-

tion of Lix(OH)g9Fp1Cl.
7.3.1.2 SSNMR Studies of Li,(OH)(9F(1Cl

'H MAS NMR Spectroscopy

Li»(OH).9Fo.1Cl was analysed via VT SSNMR spectroscopy for further
characterisation and to study ion dynamics within the sample. The 'H MAS
NMR spectra acquired between —19 and 106 °C are shown in Figure 7.2(a). In
all cases, a single resonance is observed. The spectrum acquired below room
temperature is very similar to that obtained for the room-temperature phase of
Li,OHC], i.e., a relatively broad resonance with two sets of spinning sidebands.
As previously discussed, this is characteristic of OH groups. At 33 °C, the
resonance maintains its broad lineshape. However, the spinning sidebands
are reduced in intensity, and the resonance exhibits an increase in intensity.
The spectrum appears to resemble that of the high-temperature cubic phase
of Li)OHCI. Further increases in temperature to 63 and then 106 °C result in

considerably narrower lineshapes with greater intensities.

The corresponding variation in FWHM is shown in Figure 7.2(b). Here,
the trend differs from that observed for the parent material, LiyOHCL. In fact,
the trend observed is somewhat unusual. The linewidth increases slightly be-

tween —19 to 33 °C, and from then on, the lineshape narrows significantly with
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Figure 7.2: (a) VT 'H (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a sam-
ple of Li,(OH)(9F(.1Cl synthesised via a conventional solid-state reaction completed inside
an Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by *.
In all cases, a recycle delay of 60 s was used to acquire 4 transients. (b) The corresponding

variation in FWHM as a function of temperature.

increasing temperature. As discussed in Chapter 2, changes in the linewidth
are typically indicative of structural changes or ion mobility within the sam-

ple. As observed earlier for Li)OHCI, ion mobility results in a gradual line
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narrowing, as it does here between 33 and 106 °C. Thus, suggesting that the
protons in Li(OH)g9Fo.1Cl become mobile between 33 and 106 °C. However,
the broadening of the lineshape from —19 to 33 °C suggests a different type of
structural change, perhaps a phase transition. Unfortunately, the exact nature

of the structural change is unclear at present.

’Li MAS NMR Spectroscopy

The VT 7Li MAS NMR spectra acquired for Lio(OH)o9F.1Cl over the
temperature range —19 to 106 °C are shown in Figure 7.3(a). Below room tem-
perature, at —19 and 8 °C, a broad lineshape with multiple spinning sidebands
is observed. Again, this is similar to that observed for the room-temperature
phase of Li,OHCI. At 33 °C, the resonance narrows, and the spinning side-
bands are barely visible. This is similar to the high-temperature cubic phase of
LiOHCL. This change is also similar to that observed earlier for I'H NMR. This
suggests that the structure of Lip(OH) 9Fo 1Cl may exhibit significant changes
at lower temperatures. Increasing the temperature to 63 and then 106 °C re-

sults in a continuous line narrowing.

Closer inspection of the lineshapes obtained (Figure 7.3(b)) suggests
two distinct resonances are present. One is centred around 0 ppm, and the
other around —1.5 ppm. From diffraction, it is evident that four distinct phases
are present in the sample, Li(OH)g 9F 1Cl, Li,OHCI, LiCl and LiF. Both start-
ing materials, LiCl and LiF, are reported to exhibit a ’Li chemical shift of —1.1
ppm.?12 The resonance for LiCl is reportedly sharp and narrow, whereas that
of LiF is slightly broader. Hence, the resonance at ~—1.5 ppm likely corre-
sponds to the starting materials. The lineshape observed is similar to that re-
ported for LiF, but it is most likely composed of two overlapping resonances.
The resonance at ~0 ppm is believed to correspond to both the desired phase
and Li,OHCI because it occurs at the same shift as the resonance observed for
Li;OHCl in Chapter 4 (Figure 4.28). However, unfortunately, it is not possi-
ble to distinguish between the two owing to considerable spectral overlap. It
is noted that the resonance corresponding to the desired phase changes with

increasing temperature, whereas those corresponding to the starting materials
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Figure 7.3: (a) VT “Li (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for
a sample of Li;(OH)(9F(1Cl synthesised via a conventional solid-state reaction completed
inside an Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted
by *. In all cases, a recycle delay of 60 s was used to acquire 4 transients. (b) Expansion of
the VT 7Li MAS NMR spectra and (c) the corresponding variation in FWHM as a function

of temperature.
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remains the same.

The variation in linewidth observed for the dominant resonance, cor-
responding to the desired phase, is shown as a plot of the FWHM vs. temper-
ature in Figure 7.3(c). Here, the linewidth decreases gradually with increas-
ing temperature. As previously discussed, gradual line narrowing typically
suggests ion mobility. Thus, it appears that, in a similar manner to Li,OHCI,
Li»(OH)g.9Fo.1Cl also exhibits Li-ion mobility. This is in agreement with predic-
tions made by Effat and co-workers.?* A comparison to the FWHM presented
earlier for 'H suggests that Li-ions become mobile much earlier than the pro-
tons. Moreover, comparing the trend in FWHM to that observed for Li,OHCI
indicates that Lip(OH)y9Fo.1Cl exhibits mobility at lower temperatures than
Li,OHCI.

2H MAS NMR Spectroscopy

To gain an understanding of the mobility of the protons or, more specif-
ically the OH™ groups, a sample of Lio(OH)o9F.1Cl was deuterated and anal-
ysed via 2H MAS NMR spectroscopy. The XRD pattern corresponding to the
deuterated sample is shown in Figure 7.4. Also shown for comparison is the
diffraction pattern for the non-deuterated sample. Both diffraction patterns
look identical, suggesting the deuterated sample was synthesised successfully.
The 2H MAS NMR spectra obtained at temperatures ranging from —19 to 106
°C are shown in Figure 7.5. At lower temperatures (=19 and 8 °C), the line-
shapes observed are similar to those obtained for the room-temperature phase
of Li,OHCI, an axially symmetric lineshape composed of multiple spinning
sidebands indicative of static OH™/OD~ groups. It is noted that the lineshape
observed at 8 °C is less intense, suggesting some loss of signal. The lineshape
observed at —19 °C was simulated to extract the corresponding quadrupo-
lar parameters (Figure 7.6). A Cq = 256(1) kHz and ng = 0.06(1) were ob-
tained, which are very close to those obtained for the room-temperature phase
of LipOHCI. Thus, confirming the presence of static OH™/OD~ groups. Sur-
prisingly, as the temperature is increased to 33 °C, the 2H signal vanishes com-

pletely. A further increase in temperature to 69 °C produces little change as
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Figure 7.4: X-ray diffraction patterns corresponding to Li»(OD)g9F1Cl and Li,(OH)(.9F1Cl
synthesised via a conventional solid-state reaction inside an Ar-filled glovebox. The reac-

tion temperature was 350 °C and the reaction time was 30 mins.

barely any signal is observed. It is noted that the 2H MAS NMR spectra pre-
sented for Li,OHCI and Li; 50Hg 5Cl also exhibited a lower signal to noise ra-
tio with increasing temperatures. However, the signal was still observable. Fi-
nally, at 106 °C, a single, resonance is observed. Based on similar data obtained
for Li,OHCI and Li, 50H( 5Cl, this resonance is believed to indicate mobile or

freely rotating OH™/OD~ groups.

To investigate the signal disappearance at 33 and 69 °C, additional
spectra were acquired with a greater number of transients (Figure 7.7). In both
cases, signal is now detectable, but the signal to noise is extremely poor. At
33 °C, a lineshape indicative of static OH™/OD™ groups is observed, whereas
at 69 °C, two distinct resonances can be differentiated. One is similar to that
observed between —19 and 33 °C and is believed to correspond to the static
OH™/OD™ groups. The other is broad and believed to correspond to mobile
OH™/OD~ groups. Thus, suggesting that at 69 °C, both species are present
simultaneously. The 2H MAS NMR data shown here is extremely interesting
and informative. Firstly, considering the 2H MAS NMR in conjunction with

the 'H and “Li MAS NMR presented earlier, it appears that Lio(OH)g9F1Cl
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Figure 7.5: VT 2H (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a sample
of Li;(OH)g 9F1Cl synthesised via a conventional solid-state reaction completed inside an
Ar-filled glovebox. The MAS rate was 10 kHz. In all cases, a recycle delay of 15 s was used

to acquire 80 transients.
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Figure 7.6: The 2H (11.7 T) MAS NMR spectrum obtained at —19 °C for a sample of
Li;(OH)9F(1Cl synthesised via a conventional solid-state reaction completed inside an Ar-
filled glovebox. The MAS rate was 10 kHz. A recycle delay of 15 s was used to acquire 80
transients. The spectrum was simulated to obtain the corresponding quadrupolar parame-

ters, Cq = 256(1) kHz and ng = 0.06(1).
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Figure 7.7: VT 2H (11.7 T) MAS NMR spectra acquired at 33 and 69 °C for a sample of
Li;(OH)9Fy.1Cl synthesised via a conventional solid-state reaction completed inside an Ar-
filled glovebox. The MAS rate was 10 kHz. A recycle delay of 15 s was used to acquire 3200
and 400 transients at 33 and 69 °C, respectively.
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may be undergoing a phase transition as there is a clear difference between the
spectra acquired above and below room temperature. Secondly, the fact that
the ?H signal almost disappears and then re-appears at higher temperatures
indicates some significant structural changes to the local 2H environment. At
present, it is not known precisely what structural changes are causing the re-
moval of signal from the 2H MAS NMR spectrum. As such, additional studies

are needed.

35C1 MAS NMR Spectroscopy

To understand this system further, the Li;(OH)g9Fo1Cl sample was
analysed via VT 3°Cl MAS NMR spectroscopy, and the spectra acquired be-
tween —19 and 106 °C are shown in Figure 7.8. Below room temperature, at
—19 and 8 °C, a broad resonance is observed, which appears to indicate multi-
ple overlapped sites. The lineshape obtained is similar to that observed for the
room-temperature phase of LipOHCI. It is noted that a signal corresponding
to LiCl, which is present in the sample as an impurity, is also observed. At 33
°C, the lineshape observed changes significantly, as many of the distinct fea-
tures of the lineshape disappear and a broad resonance centred around —100
ppm, similar to that of the high-temperature cubic phase of Li;OHCl in space
group ngm, is observed. As the temperature is increased further to 63 °C,
the lineshape remains unchanged. However, the intensity of the signal ob-
served decreases. Finally, at 106 °C, a severe drop in intensity is observed,
and the resonance is barely visible. A similar trend was observed for Li,OHCl
and Li; 50H(5Cl. This phenomenon was discussed in detail in Chapter 5. It
was suggested that the EFG experienced by Cl could constantly be changing,
making the signal unobservable. This could occur by the movement of Cl it-
self, or the movement of the surrounding species such as H and Li. °Cl EXSY
experiments, in conjunction with MSD plots obtained via AIMD simulations,
indicated that Cl does not exhibit any motion in LipOHCI. Thus, it was sug-
gested that the reduction of the Cl signal is likely due to increased proton and
Li-ion mobility at higher temperatures, causing the EFG experienced by ClI to
change rapidly. As such, this makes it challenging to observe the ¥Cl NMR
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Figure 7.8: VT %Cl (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a
sample of Li»(OH)o9F(.1Cl synthesised via a conventional solid-state reaction completed
inside an Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted
by *. In all cases, a recycle delay of 5 s was used to acquire 320 transients. LiCl impurity is

denoted by t.

signal.

The lineshapes observed at 33 and —19 °C have been simulated to de-
termine the number of distinct Cl sites present and extract the corresponding
quadrupolar parameters. The simulated lineshapes with individual CI sites
are shown in Figure 7.9, and the corresponding quadrupolar parameters are
detailed in Table 7.2. At 33 °C, two distinct Cl sites are observed with rela-
tively low values of Cq (Figure 7.9(a)). This was also the case for the high-
temperature cubic phase of LiOHCIl. However, it is noted that the values of ng
differ from those obtained for the cubic phase of LiyOHCI. This is unsurprising
as the composition of this sample differs from LiOHCI. Thus, the EFG expe-
rienced by Cl will also differ slightly, resulting in different quadrupolar pa-
rameters. As discussed previously, for perfectly cubic systems, Cq and g will
be close to or equal to 0. Thus, the parameters obtained here suggest a fairly
symmetrical environment for Cl, but it does not seem perfectly cubic. Earlier,

it was suggested that, similar to Li3OCl, LiOHCI may be pseudo-cubic. Thus,
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Figure 7.9: Simulations of the 3°Cl (11.7 T) MAS NMR spectra acquired at (a) 33 °C and
(b) —19 °C for a sample of Li;(OH)(9F(.1Cl prepared via conventional solid-state synthesis
inside an Ar-filled glovebox. The MAS rate was 10 kHz and a recycle delay of 5 s was used
to acquire 320 transients. At 33 °C, two sites were required to fit the lineshape and the
corresponding quadrupolar parameters are: Site 1 (Cq = 2.224(10) MHz and ng = 0.357(6)),
Site 2 (Cq = 1.333(3) MHz and ng = 0.433(4)). At —19 °C, three sites were required to fit the
lineshape and the corresponding quadrupolar parameters are: Site 1 (Cg = 1.395(1) MHz
and ng = 1.000(1)), Site 2 (Cq = 2.607(8) MHz and ng = 0.174(10)), Site 3 (Cq = 2.850(4) MHz
and ngq = 0.700(6)).
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Table 7.2: 3°C1 NMR parameters, 5, Co, and ngq, obtained at 33 and —19 °C, for a sample of

Li>(OH)g9F0.1Cl prepared via conventional solid-state synthesis inside an Ar-filled glove-

box.
Site 8 (ppm) Co (MHz) nQ
33°C
1 —39.04(2) 2.224(10) 0.357(6)
2 —67.30(8) 1.333(3) 0.433(4)
-19°C
1 ~15.50(7) 1.395(1) 1.000(1)
2 15.89(80) 2.607(8) 0.174(10)
3 —4.00(7) 2.850(4) 0.700(6)

it is possible that the fluorinated analogue of Li,OHCl may also be pseudo-
cubic. Alternatively, the long-range structure of Lip(OH)p9Fp1Cl may indeed
be cubic with a single crystallographic Cl site, but locally the Cl experiences
two distinct Cl environments. At —19 °C, three distinct Cl sites were used to
tit the spectrum accurately. This is similar to the room-temperature phase of
Li,OHCI. The lineshapes corresponding to these sites are, again, similar to
those simulated for the room-temperature Li;OHCI phase and have similar
quadrupolar parameters. As with the /2H and “Li NMR data presented ear-
lier, the 3C1 NMR data also suggests that Lip(OH) 9Fo.1Cl likely undergoes a

phase transition to adopt a different structure below room temperature.

F MAS NMR Spectroscopy

Finally, Li»(OH)g9F1Cl was also analysed via VT ’F MAS NMR spec-
troscopy, and the spectra acquired at temperatures ranging from —14 to 106
°C, are shown in Figure 7.10(a). In all cases, two distinct resonances centred
around d;so = —178 and —205 ppm are observed. The diffraction data presented
earlier indicated the presence of the desired phase, Li;(OH)o9F(1Cl, and the
starting material, LiF, in the sample. Hence, the presence of two distinct g
resonances is to be expected. To accurately assign the two resonances, a '°F

MAS NMR spectrum of LiF was acquired and is also shown in Figure 7.10(a)
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Figure 7.10: (a) VT °F (9.4 T) MAS NMR spectra acquired between —14 to 106 °C for a
sample of Li(OH)(9F(.1Cl synthesised via a conventional solid-state reaction completed
inside an Ar-filled glovebox. The MAS rate was 20 kHz and spinning sidebands are denoted
by *. In all cases, a recycle delay of 60 s was used to acquire 32 transients. Also shown is
the F (9.4 T) MAS NMR spectrum acquired for LiF where a recycle delay of 60 s was
used to acquire 16 transients. (b) An overlay of the VT spectra obtained to highlight the
resonance corresponding to Li;(OH)g9Fy1Cl and (c) the corresponding variation in FWHM

as a function of temperature.
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for comparison. A single broad resonance around 8;s, = —205 ppm is observed,
thereby, identifying that resonance as LiF. Hence, the resonance at &;5, = =178
ppm must correspond to the desired phase. It is noted that the linewidth of
the resonance corresponding to Lio(OH) 9F 1Cl varies with changing temper-
ature, whereas the LiF resonance remains unchanged at all temperatures. To
demonstrate the changes in linewidth more clearly, an expansion of the spec-
tra is shown in Figure 7.10(b). Here, the spectra have been overlaid, making
it easier to see the variation in both the intensity and linewidth of the reso-
nance. Below room temperature (-14 and 8 °C), the resonance correspond-
ing to Lio(OH)o.9F0.1Cl is relatively broad and is centred around 6iso = —178.90
ppm. At 33 °C, the resonance exhibits additional broadening, alongside a
slight increase in chemical shift to —=177.90 ppm. There is a concurrent de-
crease in the intensity as well. An increase in temperature to 63 °C results in
significant line narrowing along with an increase in intensity. This trend ap-
pears to continue with increasing temperature, and at 106 °C, the line narrows
further, and the resonance observed has a greater intensity. Here, two dis-
tinct overlapping sites are observed at 8;so = —177.33 and —177.94 ppm. This
is surprising as only one crystallographic site is expected for F in the cubic
structure of Li,(OH)g 9Fp.1Cl in space group Pm3m. However, as discussed ear-
lier, Effat and co-workers?*® have proposed two different fluorine analogues
for Li,OHCI. It was suggested that fluorine could occupy the OH or Cl site to
form Li(OH)g9Fo.1Cl and Li,OHCly9Fy 1, respectively. Both compositions are
calculated to have similar formation energies, meaning the synthesis of both
materials is feasible. Hence, it is possible that in this instance, fluorine may
have been incorporated onto both the OH and Cl sites, resulting in two differ-
ent fluorine environments/sites. Interestingly, this could also, in part, explain

the presence of residual LiCl in the sample.

The change in linewidth can be seen more clearly in a plot of the
FWHM vs. temperature, shown in Figure 7.10(c). Below room temperature
(=14 and 8 °C), the linewidth is similar. However, an increase in temperature to
33 °C results in substantial line broadening. From then onwards, increasing the

temperature results in significant line narrowing. Overall, the resonance cor-
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responding to the desired phase undergoes two distinct changes. Firstly, the
chemical shift of the resonance changes as the temperature increases from 8 to
33 °C. The resonance also exhibits significant line broadening. Secondly, from
33 °C onwards, the resonance narrows considerably. As previously demon-
strated in Chapters 4 and 5 for LiyOHCI, changes in linewidth typically occur
due to structural changes such as a phase transition or ion mobility. A change
in the chemical shift along with line broadening from 8 to 33 °C indicates a
change in the °F environment. Thus, considering the F NMR data in con-
junction with the 1/?H, 7Li and 3*Cl1 NMR data presented earlier, it is very
likely that Lio(OH)o9F0.1Cl undergoes a phase transition below rom tempera-
ture. The NMR data acquired between —19 and 8 °C appear very similar to
that corresponding to the room-temperature phase of Li,OHCI. This suggests
that Lip(OH)o 9F¢.1Cl likely adopts an orthorhombic structure below room tem-

perature.

Moreover, the continuous narrowing of the resonance observed be-
tween 33 and 106 °C is suggestive of mobility. In the previous chapter, the
parent material, LipOHCI, exhibited both proton and Li-ion mobility. The pro-
tons were shown to exhibit localised motion, i.e., rotational /re-orientational
motion around the O. The Li-ions, on the other hand, exhibited long-range
diffusion. Interestingly, in the fluorine-doped sample, OH™ is partially sub-
stituted by F~. Therefore, it is possible for the F~ to display localised motion
as it is located on the OH™ site. It could also exhibit long-range motion as it
sits in the structure as an isolated anion. To probe this further, 9F T, mea-
surements were completed between 8 and 106 °C, and are shown in Figure
7.11. It is noted that the sample comprised two fluorine-containing phases,
Lip(OH)o9Fo.1Cl and LiF. Thus, these T7 values may not be exact. Nonetheless,
they are a helpful guide as the sample predominantly consists of the desired
phase. The T7 data presented here is very interesting. Initially, from 8 to 33
°C T; decreases then increases slightly from 33 to 63 °C. An increase in tem-
perature to 106 °C results in a sharp drop from ~28 to ~2 s. Such a significant
decrease in T is suggestive of mobility. Interestingly, the computational study

235

reported by Effat and co-workers“ identified Li as the only mobile species
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Figure 7.11: F (9.4 T) T; values obtained between 8 — 106 °C for a sample of Li;(OH)g9F(1Cl

synthesised via a conventional solid-state route.

in Li>(OH)o9Fo.1Cl. No fluorine mobility was suggested. However, it is noted
that whilst the VT 1F NMR data presented here strongly suggests that °F ex-
hibits mobility in Lip(OH)9F 1Cl, it does not explain the precise nature of the
F~ motion. Additional detailed studies, specifically PFG-based experiments,

are needed to determine the precise nature of any fluorine mobility present.

7.3.2 LizOHCll_xBl‘x (X =0.1- 1)

The composition of LiOHCI can also be modified via halide mixing.
In the current study, this was done by substituting C1~ with Br~ to produce
samples in the series Li,OHCl;_Bry, where x varies from 0.1 to 1. All samples
were synthesised using the same reaction conditions used for LiOHCl via the
muffle furnace method described earlier. The XRD patterns obtained for the
samples synthesised are shown in Figure 7.12. Initial inspection of the data
indicates that all diffraction patterns appear very similar to that of the high-
temperature cubic phase of Li;,OHCI in space group Pm3m, suggesting that
the samples produced also adopt a cubic structure in space group Pm3m. It is
noted that all reflections shift to lower 20 angles with increasing x. Thus, sug-

gesting an increase in the lattice parameter with increasing Br concentration.
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Figure 7.12: X-ray diffraction patterns obtained for samples of Li,OHCl;_Bry, (x =0.1-1),
synthesised via conventional solid-state reactions completed inside an Ar-filled glovebox.

In all cases, the reaction temperature was 350 °C and the reaction time was 30 mins.

This is to be expected as Br has a larger ionic radius than CI (rjonBr™ = 1.96 A
and rjo,C1~ = 1.81 A). 1!

All of the diffraction patterns shown in Figure 7.12 were analysed via
Rietveld refinement using the reported Pm3m structural model.?!? The refine-
ments are shown in Figure 7.13, and the corresponding structural parameters
are listed in Table 7.3. The diffraction pattern for the Li;OHClyg¢Brg; sam-
ple suggested the presence of a second phase which appears to be the room-
temperature Li,OHCI phase and residual LiCl. Hence, the corresponding XRD
data was refined using the Pm3m structural model for Li,OHBr with appropri-
ate occupancy values for Li, Cl and Br, and the Pban and Fm3m structural mod-
els for Li;OHCl and LiCl, respectively. ' The fractional occupancies for atoms
in the Li,OHCI phase were specified to be the same as those determined earlier
via Rietveld analysis of the XRD data for Li;OHCI (Figure 4.13). The diffrac-
tion pattern for LiyOHCly gBry > suggested the presence of residual LiCl. Thus,
the corresponding XRD data was refined using the Pm3m and Fm3m structural
models for LiyOHClygBrg, and LiCl, respectively.!® The diffraction patterns

for the rest of the samples in the series LiyOHCl; _«Bry (x = 0.3 — 1) were refined
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using the Pm3m structural model alone. In all cases, the fractional occupancies
for Cl and Br in the Pm3m structural model were varied to reflect the intended

phase composition.

It is noted that, unlike Li;OHCI, no structural information regarding
the protons was included in the Rietveld analysis. This is because the lattice
parameters will change with the gradual substitution of Cl, and it is difficult
to predict how this will affect the proton positions. Interestingly, at the time
of writing this thesis, the synthesis of LiyOHBr was reported by Deng and co-

workers. 2

A deuterated sample of LiOHBr was analysed via NPD, and it
is suggested that H/D occupy two different positions in the cubic structure
of Li;OHBr in space group Pm3m. Moreover, Sugumar and co-workers have
explored the Liz_yOH,Br (x = 0.6 — 1.5) system and have analysed Li,OHBr
via NPD.?® They have reported a single crystallographic site for the protons,
thereby disagreeing with Deng et al.?>” These reports are interesting as it ap-
pears that locating the precise proton positions in this system is quite challeng-
ing. It also means that LiOHBr is a good contender for further characterisation
to confirm the corresponding crystallographic information. Unfortunately, the
current study has not focused on determining the exact coordinates for protons
in Li,OHBr as high-resolution diffraction data would be required to do so. In-

stead, LipOHBr has been analysed to study the ion dynamics, which have then
been compared to LiOHCL

Inspection of the structural parameters indicates that, in all cases, the
x* and wR;, values obtained suggest a good fit. A closer look at the refinement
for Li,OHCly 9Brp 1 shows that the sample contains 66.14(53)% Li,OHClj 9Bry 1,
32.53(54)% Li;OHCI and 1.33(3)% LiCl. In the case of Li;OHClygBry>, the
phase fractions obtained suggest the sample contains 98.66(5)% Li,OHCly gBrg »
and 1.34(5)% LiCl. The rest of the samples, with the exception of LiyOHCl 4Brg 6
and the end member LiOHBr, appear to contain small amounts of impurities,
as the diffraction patterns contain reflections that do not correspond to either
the desired phase or the starting reagents. However, it is noted that the quan-
tity of the impurity phase present appears to be very low, thereby making it

quite challenging to identify them accurately.
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Figure 7.13: Rietveld refinement of the XRD data obtained for samples in the series
Li;OHCl;_«Bry (x = 0.1 — 1) synthesised via the muffle furnace method, using the Pm3m
(Li;,OHCly_4Bry), Pban (Li;OHCl) and Fm3m (LiCl) structural models.’?51%° The corre-

sponding x2, wRp and Rp values are listed in Table 7.3.
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Table 7.3: Structural parameters obtained for samples in the series Li,OHCl;_«Bry (x = 0.1
—1) synthesised via the muffle furnace method, from Rietveld refinement of the XRD data
using isotropic thermal coefficients. Li,OHCly¢Bry1: space group Pm3m, a = 3.92871(5) A,
V = 60.639(2) A3, phase fraction = 66.14(53)%. Li,OHCI: space group Pban, a = 7.7835(11) A,
b =8.0243(10) A, c = 3.8456(5) A, V = 240.184(39) A3, phase fraction = 32.53(54)%. LiCl: space
group Fm3m, a =5.15484(35) A, V = 136.997(28) A3, phase fraction = 1.33(3)%. x* = 2.10, wRp =
13.87%, Rp = 10.73%. Li;OHClysBry: space group Pm3m, a = 3.94284(6) A, V = 61.295(3) A3,
phase fraction = 98.66(5)%. LiCl: space group Fm3m, a = 5.16379(74) A, V = 137.691(59)A3,
phase fraction = 1.34(5)%. x? = 1.87, wRp = 14.76%, Rp = 10.83%. Li,OHCl7Brq3: space
group Pm3m, a = 3.95834(8) A, V = 62.021(4) A3. X2 = 2.09, wRp = 18.49%, Rp = 13.27%.
LiOHCly¢Bro4: space group Pm3m, a = 3.97212(7) A, V = 62.671(3) A%. x? = 1.82, wRp =
19.14%, Rp = 13.64%. Li,OHCl,5Brq 5: space group Pm3m, a = 3.97926(8) A, V = 63.010(4) A3,
x2 = 2.00, wRp = 19.93%, Rp = 13.69%. Li,OHCl( 4Brg6: space group Pm3m, a = 4.00145(7) A,
V = 64.0703) A3. 2 = 1.52, wRp = 26.56%, Rp = 18.63%. LiOHCl3Bry7: space group Pm3m,
a =4.01431(8) A, V = 64.689(4) A3, %% = 1.57, wRp = 29.54%, Rp = 20.90%. Li,OHCl,Brys:
space group Pm3m, a = 4.02710(8) A, V = 65.310(4) A%. x? = 1.39, wRp = 33.20%, Rp = 23.38%.
Li;OHClg1Brog: space group Pm3m, a = 4.04035(8) A, V = 65.956(4) A%. x? = 1.22, wRp =
35.39%, Rp = 24.97%. Li;OHBr: space group Pm3m, a = 4.05372(5) A, V = 66.613(3) A3. x* =
1.91, wRp = 22.59%, Rp = 16.69%.

Atom X y z Occ. Uliso) x 100 (A2?)

Li,OHClj9Brj 1

Li 0.5 0 0 0.667 6.7(3)

o) 0 0 0 1 22(1)

cl 0.5 0.5 0.5 0.9 2.5(7)

Br 0.5 0.5 0.5 0.1 2.9(18)
Li,OHCl(gBr >

Li 0.5 0 0 0.667 6.5(4)

o) 0 0 0 1 2.7(1)

1 0.5 0.5 0.5 0.8 2.9(11)

Br 0.5 0.5 0.5 0.2 3.3(14)
Li,OHCl7Brg3

Li 0.5 0 0 0.667 7.7(5)

o) 0 0 0 1 3.8(2)

cl 0.5 0.5 0.5 0.7 4.8(23)

Br 0.5 0.5 0.5 0.3 3.7(17)
Li,OHCly¢Bro4

Li 0.5 0 0 0.667 6.8(5)

o) 0 0 0 1 3.7(2)
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0.5
0.5

0.5
0.5

0.5
0.5

0.5

0.6
0.4

0.667

0.5
0.5

0.667

0.4
0.6

0.667

0.3
0.7

0.667

0.2
0.8

0.667

0.1
0.9

0.667

4.0(27)
4.1(18)

4.7(5)
1.9(2)
4.0(22)
1.8(11)

3.8(6)

3.8(3)
3.9(103)
3.5(24)

4.6(7)
43(3)
3.6(80)
4.4(10)

2.5(7)
3.5(3)
6.1(40)
3.2(6)

2.3(7)
3.3(4)
8.0(34)
2.5(4)

5.6(8)
1.8(2)
2.2(1)

Furthermore, the thermal coefficients obtained for Li in the desired

phase for the x = 0.1 — 0.4 samples are a little high. This is similar to what

has been observed previously for LipOHCI. An increase in x results in more
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reasonable thermal coefficients. In addition, the thermal coefficients for the
halides in the x = 0.1 — 0.9 samples are larger than expected and have relatively
large errors. As discussed in previous chapters, these issues are most likely
due to the occupancy values used during the refinements. In reality, the occu-
pancies must differ somewhat as some of the starting materials go on to form
the impurity phases present in these samples. Moreover, Li is known to exhibit
mobility in the LiRAPs when they exist in a cubic structure. Hence, Li may be
exhibiting some mobility in these samples at room temperature. This could in-
fluence the thermal coefficients as low levels of mobility may be interpreted as
thermal motion. Thus, resulting in unusually large thermal coefficients for Li.
It is noted that the thermal coefficients for all atoms in the Li,OHCI and LiCl
phase in the x = 0.1 and 0.2 samples were fixed at 2.5 X 1072 A2, as attempts to
refine them resulted in some unrealistically large and negative values. Over-
all, the refinements presented here (Figure 7.13) confirm that all samples in the
Li,OHCl;_xBry (x = 0.1 — 1) series adopt a cubic structure in space group Pm3m
at room temperature. Thus, indicating that halide mixing is a suitable method

for stabilising the cubic structure at room temperature.

Earlier, based on the XRD data presented in Figure 7.12, it was sug-
gested that an increase in the Br concentration in LiOHCl;_Bry results in an
increase in the lattice parameter. Rietveld analysis of the XRD data of all sam-
ples in the Li,OHCl;_Bry series (x = 0.1 — 1) enabled the lattice parameter to
be determined for each composition. The variation in lattice parameter with
respect to the composition is shown in Figure 7.14. There appears to be a linear
relationship between the lattice parameter and the relative concentrations of CI
and Br. The lattice parameter gradually increases from 3.92871(5) to 4.05372(5)
A as x increases from 0.1 to 1. This follows Vegard’s law?* and is to be ex-
pected as Br™ has a larger ionic radius than CI™. The lattice parameter obtained
for Li;,OHBr is in agreement with that reported in the literature.?'®> Moreover,
the gradual change in lattice parameter with changing Br concentration also

confirms that halide mixing has taken place as intended.
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Figure 7.14: Variation in lattice parameter of samples in the Li,OHCl;_4Bry series, where x

varied from 0.1 to 1.

7.3.2.1 Li,OHBr

The diffraction data presented earlier indicated that the end member
of the Li;OHCl;_«Bry series, Li,OHBr, adopts a cubic structure in space group
Pm3m at room temperature. It is noted that the mechanically milled Li,OHCI
sample also adopted a cubic structure at room temperature. However, VI NPD
experiments indicated that the sample undergoes a phase transition at low
temperatures. Similarly, the VT NMR data acquired for the fluorine-doped
sample, Li>(OH)9Fo.1Cl, also suggested a phase transition at lower tempera-
tures. Moreover, Eilbracht and co-workers reported that LiOHBr undergoes
a phase transition without a change in symmetry at ~60 °C, as a discontinu-
ity of the thermal expansion of the lattice parameter and cell volume was ob-
served.?’® To probe these changes further, Li,OHBr was studied via VT XRD
over the temperature range —163 — 77 °C. The diffraction patterns recorded are
shown in Figure 7.15. The sample was first cooled to —163 °C, the lowest tem-
perature that could be reached via the instrumental setup used. The sample
was then gradually heated to 77 °C. Upon reaching —163 °C, the diffraction

pattern obtained appears similar to that obtained at room temperature, i.e.,
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Figure 7.15: VT X-ray diffraction patterns obtained for Li,OHBr between —163 and 77 °C.
The sample was synthesised via a conventional solid-state reaction completed inside an

Ar-filled glovebox. The reaction temperature was 350 °C and the reaction time was 30 mins.

it contains reflections corresponding to the cubic Pm3m phase. However, a
number of additional reflections are also observed, suggesting the presence of
an additional phase in the sample. However, it is noted that these additional
peaks are of very low intensity. Thus, possibly suggesting the start of a phase
transition, although it is clear that a complete transition has not taken place
as the diffraction pattern predominantly consists of reflections corresponding
to the known Pm3m phase. Thus, indicating that at —163 °C, the Pm3m phase
is still the dominant phase present in the sample. The diffraction pattern ob-
tained at —143 °C appears to be identical to that at —163 °C, suggesting no
structural change occurs between —163 and —143 °C. As the temperature is in-
creased to —103 °C, the additional reflections initially observed disappear, in-
dicating a reversal of the phase transition. The diffraction pattern now solely
contains reflections corresponding to the Pm3m phase. Subsequent incremen-
tal increases in temperature to 77 °C do not result in any change in the diffrac-
tion pattern, indicating that, between —103 and 77 °C, the sample remains in
the cubic phase in space group Pm3m. Moreover, the reflections in all patterns

appear at similar 20 angles and do not suggest any discontinuity in the lattice
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parameters. This is in contrast to the findings of Eilbracht and co-workers.?!®

Unfortunately, owing to technical and hardware limitations, temperatures be-
low —163 °C could not be explored. Hence, it was not possible to fully investi-
gate the possible phase transition. It is noted that, to date, no phase transitions

at low temperatures have been reported for Li,OHBr.
7.3.2.2 SSNMR Studies of Li,OHBr

H and "Li MAS NMR Spectroscopy

Li;OHBr was further investigated via multinuclear VT SSNMR spec-
troscopy to study ion dynamics within the sample. The 'H MAS NMR spectra
obtained between —19 and 106 °C are shown in Figure 7.16(a). In all cases, a
single resonance believed to be indicative of a single site is observed. This is in
agreement with the majority of literature reports, where the cubic Pm3m struc-
ture for Li;OHX (X = Cl and Br) is believed to have a single H site. 122201213215
It also agrees with recent reports by Sugumar and co-workers?*® who have
reported a single H site specifically for Li,OHBr. However, these findings

contrast with those reported by Deng et al., >’

who proposed two H sites in
LiOHBr. Closer inspection of the spectra obtained indicates that, at =19 °C, a
relatively broad resonance with well-defined spinning sidebands is observed.
Again, this is characteristic of OH groups. An increase in temperature to 8
and then 33 °C, results in a broadening of the resonance and less intense spin-
ning sidebands. The subsequent increase in temperature, from 33 to 106 °C,
results in a gradual narrowing of the resonance. The line narrowing can be
seen more clearly as a function of temperature in Figure 7.16(b), where the
variation in FWHM is shown. At first, the resonance broadens from —19 to
33 °C, after which there is a steady reduction in the linewidth with increasing
temperature. As discussed previously for LiOHCI and the related composi-
tions, the gradual narrowing of the lineshape with increasing temperature is
suggestive of mobility. This suggests that in Li,OHBr, the protons exhibit some
type of movement between 33 and 106 °C. The gradual broadening of the reso-

nance observed between —19 and 33 °C is very interesting because it indicates
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Figure 7.16: (a) VT 'H (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for

a sample of Li;OHBr synthesised via a conventional solid-state reaction completed inside

an Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by

*. A recycle delay of 1175 and 400 s was used between —19 and 52 °C and 74 and 106 °C,

respectively. In all cases, 4 transients were acquired. (b) The corresponding variation in

FWHM as a function of temperature.

a change in the local environment of the protons. However, the VT XRD shown

earlier did not indicate any structural changes in Li,OHBr between —19 and 33
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Figure 7.17: (a) VT "Li (11.7 T) MAS NMR spectra acquired between —19 and 106 °C for a
sample of Li,OHBr synthesised via a conventional solid-state reaction completed inside an
Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by *. A
recycle delay of 60 and 30 s was used between —19 and 52 °C and 74 and 106 °C, respectively.
In all cases, 4 transients were acquired. (b) The corresponding variation in FWHM as a

function of temperature.

°C. Thus, making it difficult to ascertain how and why the local environment

of the protons changes from the current data alone.

345



The 7Li MAS NMR spectra acquired for Li;OHBr between —19 and 106
°C are shown in Figure 7.17(a). A single resonance, indicative of a single site,
is observed at all temperatures. This is to be expected for a cubic structure
in space group Pm3m and is in agreement with the XRD analysis presented
earlier (Figure 7.13). At —19 °C, several spinning sidebands are observed, the
intensity of which decreases with increasing temperature. An increase in tem-
perature also appears to produce narrower resonances with a concomitant in-
crease in intensity. The variation in linewidth can be seen more clearly in the
corresponding plot of FWHM vs. temperature, shown in Figure 7.17(b). In-
terestingly, the linewidth decreases from —19 to 8 °C and then increases again
at 33 °C. From then on, a steady decrease is observed between 33 and 106 °C.
As discussed earlier, a gradual reduction in FWHM is suggestive of mobility.
Therefore, the data suggests that LiyOHBr exhibits Li-ion mobility between 33
and 106 °C. As with the protons, it appears that Li also experiences a change
in its local environment between —19 and 33 °C. Hence, the 'H and “Li NMR
data suggest a structural change below room temperature. Although, the pre-

cise nature of this structural change is currently unknown.

To probe the H and Li mobility in greater detail in LiyOHBr, 'H and
7Li T1 measurements were completed over the temperature range —19 — 116
°C. The data obtained is shown in Figure 7.18. Between —19 and 19 °C there
appears to be little variation in the 'H T, data. However, it is noted that the
T1 increases by ~10 s from —19 to —3 °C. It then decreases again at 8 °C and
remains the same until 19 °C. A subsequent increase in temperature from 19 to
116 °C results in a gradual decrease in 1H Ty. At 116 °C, a 'H T; value of ~15
s was measured, whereas, for Li,OHCI it was ~10 s. Thus, suggesting that,
in this sample, the protons are not as mobile as those in LiOHCI. In contrast
to the 'H T; data, the “Li T; decreases across the entire temperature range
(=19 to 116 °C). At 116 °C, a T value of 0.260 s is observed for Li, whereas,
in Li,OHCl it was 0.147 s. Thus, suggesting a lower degree of Li-ion mobility
in Li)OHBr when compared to LiOHCI. Also, this is considerably lower than
the 'H T value, suggesting that in Li,OHBr, Li-ions exhibit greater mobility

than protons. This is in good agreement with the findings presented earlier for
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Figure 7.18: (a) 'H and (b) "Li (11.7 T) T; data obtained over the temperature range —19 — 116
°C, for a sample of Li,OHBr synthesised via a conventional solid-state reaction completed
inside an Ar-filled glovebox. In all cases, the estimated error bars are smaller than the

symbols used and are therefore not shown.

Li,OHCIL.
The 'H and “Li NMR T; data obtained for Li;OHBr has been used
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Figure 7.19: Arrhenius plots of (a) 'H and (b) "Li (11.7 T) T; data obtained over the temper-
ature range (a) 33 — 116 °C and (b) —19 — 116 °C, for a sample of Li,OHBr synthesised via a
conventional solid-state reaction completed inside an Ar-filled glovebox. In both cases, a
linear fit is obtained, with gradients (a) —3.90(5) and (b) —4.26(6) and (a) R? = 0.9988 and (b)
0.9980. The corresponding activation energies of 0.34(1) and 0.37(1) eV were obtained for

'H and "Li, respectively.

to extract the corresponding activation energies, owing to the Arrhenius rela-

tionship between the temperature and T; values. The Arrhenius plots of the
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'H and “Li T; data acquired over the temperature range 33 — 116 °C and —19
- 116 °C, respectively, are shown in Figure 7.19. In both cases, a linear fit is
obtained with R? = 0.9988 and 0.9980 for 'H and “Li, respectively. As stated
earlier, the gradient of an Arrhenius plot is proportional to E,, and E, = 0.34(1)
and 0.37(1) eV were obtained for 'H and “Li, respectively. Thus, indicating
that the energy barrier for Li-ion movement is higher than for protons. The E,
for Li-ion movement in LipOHBr is in excellent agreement with that reported
in the literature by Schwering et al.?!3 A similar observation was made for the
parent material, LiyOHCI, where the E, for Li motion was higher than for H.
It is noted that the value of E, obtained for both species is lower in LiOHBr
when compared to Li;OHCI. Thus, suggesting that ion mobility should be
favoured in the Br analogue. This is surprising given the T1 values obtained,

which suggest a higher degree of ion mobility in Li,OHCI than Li,OHBr.

2H MAS NMR Spectroscopy

To probe ion dynamics further, a sample of Li,OHBr was deuterated
for analysis via VT 2H MAS NMR spectroscopy. The 2H MAS NMR spectra
acquired over the temperature range 8 — 110 °C are shown in Figure 7.20. The
spectra acquired at 8 and 69 °C closely resemble those obtained for Li,OHCl
between —19 and 63 °C, i.e., an axially symmetric lineshape, comprising a large
manifold of spinning sidebands is observed. The spectrum acquired at 69 °C
was simulated (Figure 7.21) to determine the corresponding quadrupolar pa-
rameters, Cq = 255(1) kHz and ng = 0.060(10). As stated earlier, these val-
ues are characteristic of static 2H environments. Thus, indicating the pres-
ence of static OH™/OD™ groups in LiOHBr, between 8 and 69 °C. At 79 °C, a
broad signal is observed, in addition to the signal corresponding to the static
OH™ /0D~ groups. The broad signal is believed to correspond to mobile or
freely rotating OH™/OD~ groups. Thus, indicating that, at 79 °C, both static
and mobile OH™/OD™ groups are present in the sample simultaneously. The
intensity of this broad signal increases with increasing temperature, whilst
the opposite is observed for the signal corresponding to the static OH™/OD~

groups. A similar pattern was observed for the parent material, Li,OHCI.
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Figure 7.20: 2H (11.7 T) MAS NMR spectra acquired over the temperature range 8 — 110
°C, for a sample of Li,ODBr synthesised via a conventional solid-state reaction completed
inside an Ar-filled glovebox. In all cases, the MAS rate was 10 kHz and a recycle delay of

15 s was used to acquire 4000 transients.
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Figure 7.21: The 2H (11.7 T) MAS NMR spectrum acquired at 69 °C for a sample of Li;ODBr
synthesised via a conventional solid-state route. The MAS rate was 10 kHz and a recycle
delay of 15 s was used to acquire 4000 transients. The spectrum was simulated to obtain the

corresponding quadrupolar parameters, Cq = 255(1) kHz and ng = 0.060(10).

However, for LipOHCI, the broad resonance appeared at a lower temperature
(63 °C). Thus, in Li;OHBr, the OH™/OD™~ groups become mobile at higher
temperatures when compared to LipOHCI. As previously demonstrated, the
OH™/OD™ movement is closely related to the Li-ion mobility. Therefore, the
data presented here suggests that in LiyOHBr Li-ion mobility may also be oc-

curring at a higher temperature when compared to Li,OHCI.

7Br MAS NMR Spectroscopy

Finally, Li;OHBr was analysed via VT 7Br MAS NMR spectroscopy,
and the spectra obtained between —19 and 106 °C are shown in Figure 7.22(a).
In all cases, a single resonance centred around 65 ppm, indicative of a single
site, with multiple spinning sidebands is observed. This is in agreement with
the diffraction data shown earlier (Figure 7.13), where Li;OHBr was shown to

adopt a cubic structure, in space group Pm3m, with a single Br site. For clarity,
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Figure 7.22: (a) Br (11.7 T) MAS NMR spectra acquired over the temperature range —19
to 106 °C, for a sample of Li;OHBr synthesised via a conventional solid-state reaction com-
pleted inside an Ar-filled glovebox. The MAS rate was 10 kHz. A recycle delay of 1 s was

used to acquire 800 transients. (b) An overlay of the central transition shown in (a).

an expansion of the resonance is shown in Figure 7.22(b), where the spectra
have been overlaid. It appears that an increase in temperature results in a
gradual increase in chemical shift from 63.30 to 66.47 ppm, along with a drop

in intensity. These changes in intensity and the chemical shift are continual,

352



suggesting a gradual change to the Br environment with increasing tempera-
ture. It is evident from the VT XRD data presented earlier that LiOHBr retains
its cubic structure in space group Pm3m over the temperature range —103 to 77
°C. Also, LiOHBr has not been reported to undergo a phase transition to a
different symmetry in the literature. Therefore, any changes occurring in the
local environment of 7?Br are not due to major structural changes, i.e., no phase
transition is occurring. It is noted that the *>Cl MAS NMR spectra acquired for
Li;OHClI also exhibited a reduction in signal intensity with increasing temper-
ature and the signal was barely noticeable at 106 °C (Figure 6.27). Thus, it was
suggested that CI could be exhibiting some motion in LiyOHCI. Alternatively,
the movement of proton and Li-ions causes the EFG experienced by Cl to vary
continuously, making it difficult to observe the 3°Cl signal. Interestingly, the
AIMD simulations completed for Li;OHCl did not indicate Cl mobility, and no
motion was detected via *Cl EXSY experiments. Thus, it was suggested that
the signal reduction is most likely an indirect consequence of the proton and
Li-ion movement. The same could also be true for the Br analogue, Li,OHBr,
as the 'H and “Li NMR data presented earlier suggested that Li;OHBr also
exhibits proton and Li-ion mobility. It is noted that the 7”Br NMR data shown
here does not suggest Br mobility as the resonance does not narrow with in-
creasing temperature. However, the possibility of Br motion cannot be ruled
for certain from the current data alone. Additional work such as T; measure-
ments, EXSY and PFG experiments are required to probe Br mobility. Interest-
ingly, the degree of signal reduction is not as severe as that observed for >*Cl.
Thus, suggesting that *Cl is much more sensitive to the changes in the EFG

when compared to 7’Br.
7.3.2.3 SSNMR Studies of LizOHCIOABI'O.G

H and "Li MAS NMR Spectroscopy

A sample from the series LiyOHCl;_4Bry (x = 0 — 1) was analysed fur-
ther via multinuclear VT SSNMR in order to study the influence of halide mix-

ing on ion mobility within the sample and its effects on the local environment
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of the halides. Li;OHCly 4Brg ¢ was deemed a suitable candidate as the sample
produced did not contain any impurities. The 'H MAS NMR spectra acquired
for this sample between —14 and 106 °C are shown in Figure 7.23(a). In all
cases, a single relatively broad resonance centred around 0 ppm, indicative
of a single site, is observed. This is in agreement with the diffraction data
presented earlier, as LioOHCly 4Brp¢ adopts a cubic structure in space group
Pm3m, where a single H site is expected. Interestingly, the resonance is ob-
served to broaden from —14 to 33 °C. Thus, suggesting a change in the lo-
cal environment of the protons. The variation in linewidth as a function of
temperature is shown more clearly in Figure 7.23(b). The trend is similar to
that observed for Li,OHBr. Thus, suggesting that, below room temperature,
Li,OHClp 4Br¢ 6 exhibits similar structural changes to Li,OHBr. An increase
in temperature to 106 °C results in a considerable narrowing of the resonance
with a concomitant increase in intensity. This suggests that, in a similar man-
ner to the end members of the series (LiOHCI and Li,OHBr), Li,OHClg 4Brg ¢

also exhibits proton mobility at elevated temperatures.

The 7Li MAS NMR spectra acquired over the temperature range —14
and 106 °C are shown in Figure 7.24. Here too, a single resonance centred
around 0 ppm is observed. This is in agreement with the XRD data pre-
sented earlier and is in line with what is expected for a cubic structure in
space group Pm3m. As with the "H NMR data, the “Li NMR data obtained for
Li,OHCl 4Br( ¢ resembles that obtained for the end member Li,OHBr. At first,
the resonance narrows significantly between —14 and -3 °C and then broadens
again at 8 °C. As stated earlier, this suggests a structural change below room
temperature. A subsequent increase in temperature to 106 °C produces a con-

siderable narrowing of the resonance, which is suggestive of Li-ion mobility.

To further probe the proton and Li-ion mobility in Li;OHClg 4Brg, H
and “Li T; values were measured between —14 and 106 °C. The corresponding
data is shown in Figure 7.25. In both cases, the trend observed is similar to that
of Li,OHBr. The 'H T; values exhibit little variation between —14 and -3 °C.
However, an increase in temperature to 106 °C results in a gradual reduction

in T;. At 106 °C, a 'H Ty of ~16 s is measured. This is midway between the
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Figure 7.23: (a) 1H (11.7 T) MAS NMR spectra acquired between —14 and 106 °C, for a sample

of Li,OHCl4Brj6 synthesised via a conventional solid-state reaction completed inside an

Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by *.

A recycle delay of 200 s was used at 33 °C. In all other cases, a recycle delay of 2000 s was

used. In all cases, 4 transients were acquired. (b) The corresponding variation in FWHM as

a function of temperature.

'H T, of ~11 and ~20 s observed for the end members, Li;OHCl and Li,OHBr,

respectively, at 106 °C. Conversely, the “Li T; values exhibit a steady decrease
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Figure 7.24: (a) "Li (11.7 T) MAS NMR spectra acquired between —14 and 106 °C, for a sam-
ple of Li;OHCl 4Brj ¢ synthesised via a conventional solid-state reaction completed inside
an Ar-filled glovebox. The MAS rate was 10 kHz and spinning sidebands are denoted by *.
In all cases, a recycle delay of 10 s was used to acquire 4 transients. (b) The corresponding

variation in FWHM as a function of temperature.

across the whole temperature range. At 106 °C, a ’Li Ty of ~0.26 s is obtained.
Interestingly, this is also approximately midway between the T7 of ~0.19 and
~0.36 s obtained at 106 °C for Li,OHCl and Li,OHBE, respectively. The 1H and

356



(a) 1000F
[ o
[}
[}
@ 100+
-
[ ]
10
1 1 1 1 1 1
0 20 40 60 80 100
Temperature (°C)
(b)
@
o
[
10
<z .
-
1F
o
1 1 1 1 1 1
0 20 40 60 80 100

Temperature (°C)

Figure 7.25: (a) 'H and (b) "Li (11.7 T) T; values obtained between —14 — 106 °C, for a sample
of Li,OHCly4Bry¢ synthesised via a conventional solid-state route. In all cases, the esti-

mated error bars are smaller than the symbols used and are therefore not shown.

7Li data presented here suggests that the degree of proton and Li-ion mobility
exhibited by LioOHClg 4Brg 6 is higher than Li,OHBr but lower than Li,OHCI.
This is somewhat surprising as Zhao and Daemen!?* proposed that LiRAPs

with a mixed halide composition such as LizOClys5Brgs exhibit superior ion
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conductivity compared to the end members (Li3OCl and Li3OBr). However,
this does not appear to be the case for the hydrated analogues. Instead, the
'H and 7Li T; data presented appears to suggest that T values likely vary
linearly as a function of x in the Li;OHCl;_Bry system. It is noted that ad-
ditional experiments are needed to confirm this suggestion. More specifically,
the rest of the samples in the series will also need to be analysed via VT mult-
inuclear SSNMR. In general, the NMR data presented here is very insightful
as it demonstrates that the degree of mobility exhibited in the Li,OHCl;_Bry

system can be readily tuned via compositional doping.

2H MAS NMR Spectroscopy

As with the end members of the Li,OHCl;_4Bry (x = 0 and 1) series, a
sample of Li)OHClg 4Bro ¢ was deuterated and analysed via VT 2H MAS NMR
spectroscopy. The 2H MAS NMR spectra acquired between —19 and 116 °C
are shown in Figure 7.26. Between —19 and 69 °C, an axially symmetric line-
shape consisting of multiple spinning sidebands is observed. As mentioned
earlier, this lineshape corresponds to static OH™/OD™ groups. Thus, indicat-
ing that in Li,OHCl( 4Brp ¢, the OH™/OD™ groups do not exhibit any motion
between —19 and 69 °C. The lineshape observed at 33 °C was simulated to de-
termine the corresponding quadrupolar parameters, and a Cq = 257(1) kHz
and ng = 0.065(1) were obtained (Figure 7.27). These values are similar to
those obtained for both Li,OHCI and Li;OHBr and those reported in the litera-
ture for static °H species.?!®> Thus, confirming the presence of static OH~/OD~
groups in the sample. At 116 °C, there is a broad signal around 0 ppm, be-
lieved to correspond to freely rotating OH™/OD~ groups. However, the spec-
trum is dominated by the signal corresponding to the static OH™/OD™ groups.
Thus, indicating that only a very small proportion of OH™/OD~ groups are
exhibiting motion. It is noted that in LiOHCl4Brg¢, this broad signal ap-
pears much later, at 116 °C, when compared to Li,OHCI and Li,OHBr, where
this signal was first observed at 69 and 79 °C, respectively. Also, in Li,OHCl
and LiOHBEr, this broad component became the dominant signal at ~110 °C.

However, in Li)OHClp4Brgg, its intensity is considerably lower when com-
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Figure 7.26: 2H (11.7 T) MAS NMR spectra acquired over the temperature range —19 — 116
°C, for a sample of Li;OHCl 4Bry ¢ synthesised via a conventional solid-state reaction com-
pleted inside an Ar-filled glovebox. The MAS rate was 10 kHz and a recycle delay of 15 s

was used to acquire 80 transients.
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Figure 7.27: 2H (11.7 T) MAS NMR spectrum acquired at 33 °C, for a sample of
LiOHCl 4Bry ¢ synthesised via a conventional solid-state reaction completed inside an Ar-
filled glovebox. The MAS rate was 10 kHz and a recycle delay of 15 s was used to acquire 80
transients. The spectrum was simulated to obtain the corresponding quadrupolar parame-

ters, Cq = 257(1) kHz and ng = 0.065(1).

pared to the signal corresponding to the static environments. Thus, suggest-
ing that halide mixing may not be a suitable method for promoting ion mo-
bility in Li,OHCI/Br samples, as it appears to limit or restrict the free rotation
of OH™/OD™ groups. Moreover, temperatures over 100 °C are required in
order to observe any movement of the OH™/OD™ groups. Again, this is in
contrast to Zhao and Daemen’s!?* suggestion that LIRAPs with mixed halide
compositions exhibit much higher ionic conductivities than the end members.
As discussed previously, the OH™/OD™ movement is believed to be closely
connected to the Li-ion movement. Thus, the 2H NMR data presented here
suggests that the OH™/OD™ groups in LiOHCl 4Brg¢ may hinder the Li-ion
mobility because they remain static over a large temperature range. These
findings also indicate that a cubic structure is not the only criteria for ion mo-
bility in LiRAPs. Additional factors such as the halides present in the sample

and their concentration are also important, as well as the temperature.
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35C1 MAS NMR Spectroscopy

A sample of Li,OHCl 4Br ¢ was also analysed via VT 35C1 MAS NMR
spectroscopy, and the spectra acquired at 33, 63 and 106 °C are shown in Figure
7.28. At 33 °C, an asymmetric lineshape is observed. A signal is also observed
around 5 ppm, corresponding to LiCl (vide supra). However, the diffraction
pattern obtained for this sample (Figure 7.13) did not show any evidence of
residual LiCl. Hence, LiCl must be present in an extremely small quantity.
An increase in temperature to 63 °C does not appear to have any noticeable
effects on the spectrum observed, as it remains unchanged. However, a further
increase to 106 °C results in significant narrowing of the resonance, but there
is no concurrent increase in the intensity. Thus, implying a reduction in the

amount of signal obtained.

The lineshapes observed in the spectra acquired at 33 and 106 °C were
simulated to try and determine the number of distinct Cl sites present in each

case. The simulated lineshapes, along with the distinct CI sites required for

1 \ — 106 °C
— 63°C
— 33°C
1 1 1 1 1 1 1
200 100 0 -100 -200 -300 -400
& 3Cl (ppm)

Figure 7.28: 35Cl (11.7 T) MAS NMR spectra acquired over the temperature range 33 — 106
°C, for a sample of Li;OHCl 4Bry ¢ synthesised via a conventional solid-state reaction com-
pleted inside an Ar-filled glovebox. In all cases, the MAS rate was 10 kHz and a recycle
delay of 5 s was used to acquire 2560 transients. The signal corresponding to LiCl is de-

noted by t.
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the fit, are shown in Figure 7.29, and the corresponding quadrupolar param-
eters are detailed in Table 7.4. At 33 °C, three sites were required to simu-
late the overall lineshape, whereas, at 106 °C, only two sites were required.
The XRD analysis of this sample indicated that Li,OHClg 4Brp adopts a cu-
bic structure in space group Pm3m with a single halide site. Therefore, the
presence of multiple Cl sites at 33 and 106 °C is somewhat surprising. How-
ever, as discussed earlier, NMR is a local probe, and therefore, only provides
information regarding the local environment of a nucleus and not the crys-
tal structure as a whole. Thus, the %°Cl NMR data presented here indicates
that whilst Li)OHCl 4Brop¢ contains one crystallographically distinct CI site,
various local Cl environments are present in the sample. The corresponding
quadrupolar parameters obtained indicate a highly symmetrical environment
for all Cl sites but it is not perfectly cubic. Interestingly, the *Cl MAS NMR
data obtained for the cubic phases of LixOHCI also exhibited multiple sites

with similar quadrupolar parameters.

Moreover, the VT 3°Cl NMR data acquired for Li,OHCI exhibited a
severe reduction in the observable signal with increasing temperature. Here,
however, a moderate drop is observed. Earlier it was suggested that the reduc-
tion in the ¥ClI signal with increasing temperature is likely an indirect conse-
quence of proton and Li-ion mobility, or perhaps CI could also be exhibiting
some local movement. However, it is noted that no Cl motion was detected in
Li;OHCI on the NMR timescale via *CI EXSY. Thus, *CI NMR signal reduc-
tion is likely due to the proton and Li-ion mobility. As mentioned earlier, the
'H and “Li NMR data obtained for Li;OHCly 4Bros suggested a lesser degree
of H and Li mobility when compared to Li,OHCI. Additionally, the 2H NMR
data demonstrated that the OH™/OD™ groups in Li,OHCly 4Brp ¢ become mo-
bile much later (>100 °C) compared to Li;OHCI. This appears to correlate well
with the fact that the signal reduction observed for 3>Cl in Li;,OHClg 4Bro is
much lower than for Li;OHCI. Thus, the two processes may be linked. How-
ever, the current data does not provide conclusive proof for this and further

investigation is still needed.
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Figure 7.29: Simulations of the 3°Cl (11.7 T) MAS NMR spectra acquired at (a) 33 °C and (b)
106 °C for a sample of Li,OHCl4Br(¢ synthesised via a conventional solid-state reaction
completed inside an Ar-filled glovebox. The MAS rate was 10 kHz and a recycle delay
of 5 s was used to acquire 2560 transients. At 33 °C, three sites were required to fit the
lineshape and the corresponding quadrupolar parameters are: Site 1 (Cq = 1.667(7) MHz
and 1nq = 0.000(16)), Site 2 (Cq = 2.278(8) MHz and 1 = 0.997(6)), Site 3 (Cq = 2.033(3) and
Ng = 0.261(7)). At 106 °C, two sites were required to fit the lineshape and the corresponding
quadrupolar parameters are: Site 1 (Cg = 1.524(6) MHz and ng = 0.000(13)), Site 2 (Cq =
1.179(4) MHz and ng = 0.524(7)).

363



Table 7.4: 3°Cl NMR parameters, §, Cg, and nq, obtained by simulating the lineshapes
observed in the 3°Cl MAS NMR spectra obtained at 33 and 106 °C, for a sample of

Li,OHCl4Brg¢ prepared via conventional solid-state synthesis inside an Ar-filled glove-

box.
Site 8 (ppm) Co (MHz) nQ
33 °C
1 —34.20(5) 1.667(7) 0.000(16)
2 ~36.51(22) 2.278(8) 0.997(6)
3 —29.15(13) 2.033(3) 0.261(7)
106 °C
1 ~34.40(17) 1.524(6) 0.000(13)
2 —35.44(8) 1.179(4) 0.524(7)

7Br MAS NMR Spectroscopy

Finally, LioOHCly 4Brg ¢ was also analysed via VT 7Br MAS NMR spec-
troscopy and the spectra acquired at 33, 63 and 106 °C are shown in Figure
7.30. At 33 °C, a single relatively broad resonance centred around 64.87 ppm
is observed. Again, this is expected for a cubic structure in space group Pm3m,
which has a single halide site. An increase in temperature to 63 and 106 °C
results in a gradual decrease in the signal intensity and a change in chemical
shift, first to 65.60 and then to 66.58 ppm. Also, the linewidth of the resonance
observed does not exhibit any noticeable changes. This trend is similar to that

observed for Li,OHBr (vide supra).

In the case of LiyOHBr, the gradual change in the ”Br NMR data was
compared to the *°Cl NMR data acquired for Li;OHCl. As both systems are
analogues, similar trends are expected. It was suggested that the change in
the 7Br resonance might be an influenced of the proton and Li-ion mobility
occurring in the sample. However, the two halides exhibit different trends in
this mixed halide sample. The **Cl NMR spectra did not exhibit any change
between 33 and 63 °C, whereas the ”Br NMR spectra exhibits a gradual change
across the whole temperature range. Thus, suggesting that the two halides

may be experiencing different effects. This is surprising because Cl and Br are
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Figure 7.30: 7Br (11.7 T) MAS NMR spectra acquired over the temperature range 33 - 106
°C, for a sample of Li;OHCl 4Bry ¢ synthesised via a conventional solid-state reaction com-
pleted inside an Ar-filled glovebox. The MAS rate was 10 kHz and a recycle delay of 1 s

was used to acquire 800 transients, in all cases.

expected to occupy the same site in the cubic structure in space group Pm3m.

Therefore, it remains unclear as to why this occurs.

Overall, the ®Cl and 7Br NMR data presented has proven to be partic-
ularly useful, as it highlights the need for further research into these systems.
In particular, a comprehensive characterisation of the halide environments in
LiRAPs is needed to understand this system fully and determine the role or

influence of the halide(s).

7.4 Conclusions

This chapter focused on probing compositional changes in LiOHCl
via fluorine doping and halide mixing. All samples were synthesised via the
muffle furnace method described earlier using the same reaction conditions
as Lip)OHCI. The samples produced were characterised using laboratory XRD
and SSNMR methods to investigate the structural changes occurring and ion

mobility as a function of composition. A fluorinated analogue of Li,OHCl was

365



synthesised via partial substitution of OH™ by F~ to produce Li,(OH)g9F¢ 1Cl.
Fluorine doping was observed to stabilise the cubic structure at room temper-
ature, owing to an increase in the tolerance factor. Thus, the sample produced
adopted a cubic structure in space group Pm3m at room temperature. The sam-
ple produced was not entirely phase pure as the parent material, Li,OHCI,
was also present, as well as, residual amounts of starting reagents, LiCl and
LiF. However, most of the sample consisted of the desired phase, making the

synthesis successful.

The Lix(OH)p9Fp1Cl sample was analysed via VT H and 7Li MAS
NMR spectroscopy over a temperature range of —19 to 106 °C to probe ion
dynamics within the sample. In a similar manner to Li,OHCI, Li(OH)g.9F 1Cl
also exhibited proton and Li-ion mobility with increasing temperature. A deu-
terated sample studied via 2H MAS NMR spectroscopy indicated the presence
of static OH™/OD~ groups between —19 and 8 °C, and at 106 °C, a large ma-
jority of the OH™/OD™ groups were identified as being mobile. Determining
the state of OH™/OD™ groups at 33 and 69 °C proved quite difficult as the
2H MAS NMR signal disappeared upon increasing the temperature to 33 °C
before re-appearing at 106 °C. Hence, additional ?H MAS NMR spectra were
acquired with a greater number of transients at 33 and 69 °C to see if a signal
could be observed. Despite an extremely poor signal to noise ratio, the data
obtained confirmed the presence of static OH™/OD~ groups at 33 °C. At 69 °C,
the static and mobile OH™/OD™ groups were present simultaneously. Similar
observations were made for Li,OHCI, where the OH™/OD™~ also became mo-
bile at 69 °C. However, for Li,OHCI, a 2H NMR signal was observable across
the whole temperature range investigated. At present, the exact reasons for

the disappearance of the 2H NMR signal are not fully understood.

The VT 3°Cl1 MAS NMR spectrum obtained for Li;(OH)g9Fp1Cl at 33
°C closely resembled that observed for the high-temperature cubic phase of
Li,OHCI. Here too, two local environments were identified for Cl in the cubic
structure, and an increase in temperature resulted in a gradual reduction in the
signal observed. At 106 °C, the resonance was barely visible. Again, it is not

clear why this occurs. However, it was suggested that the EFG experienced by
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ClI could constantly be changing, which could make the signal unobservable.
This could occur either due to Cl motion or the proton and Li-ion mobility
in the sample. However, no Cl motion was detected in the parent material
on the NMR timescale. Thus, it was suggested that the signal reduction may
indirectly result from the proton and Li-ion movement. However, this cannot

be confirmed solely from the data presented.

Finally, Lip(OH)o9Fo.1Cl was analysed via VT 9F MAS NMR spec-
troscopy over the temperature range —14 to 106 °C. In all cases, two distinct
resonances corresponding to Lio(OH)9F 1Cl and LiF were observed. The res-
onance corresponding to Li;(OH)g oF 1Cl exhibited significant line narrowing
with a concurrent increase in intensity with increasing temperature. Thus, sug-
gesting that fluorine may also be exhibiting mobility. The corresponding F
T1 values exhibited a significant decrease with increasing temperature, further
suggesting fluorine mobility. However, the current data does not allow for
the precise nature of the fluorine movement to be determined, i.e., it could not
be discerned whether fluorine exhibits short- or long-range motion. Lastly,
at 106 °C, where the 'F resonance narrows considerably, two distinct F sites
were observed. Thus, suggesting two distinct local environments for fluorine.
However, the cubic structure has only one crystallographically distinct fluo-
rine site. Thus, it was suggested that fluorine could possibly be occupying
both the OH and Cl sites as both configurations are reported to have similar

formation energies.235

Interestingly, all VT NMR data acquired for Li;(OH)g 9Fp 1Cl exhibited
significant differences above and below room temperature. Thus, suggesting a
phase transition below room temperature. However, this phase transition was
not investigated in great detail, as the primary focus of this study was to probe
ion mobility in the LIRAP samples. As such, the cubic phase of Li,(OH) 9F 1Cl
was deemed more important as the cubic structure allows for ion mobility,

whereas no ion mobility was observed at lower temperatures.

The composition of Li;OHCI was also modified via halide mixing,

where CI™ was partially replaced by Br~ to produce samples in the series
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Li,OHCl;_xBry (x = 0.1 — 1). The Br concentration was increased gradually
in 0.1 increments to eventually produce LiOHBr. All samples in this series
adopted a cubic structure in space group Pm3m. Thus, demonstrating that, in
addition to fluorine doping, halide mixing is also a suitable method for sta-
bilising the desired cubic structure at room temperature. The lattice parame-
ter increased linearly with increasing Br concentration, owing to the relative
sizes of the halide ions. The samples produced predominantly consisted of
the desired phase. However, the Li,OHClj 9Br( 1 sample also contained some
Li,OHCI, and both the Li;OHCly 9Brg 1 and Li,OHClj gBrp 2 samples contained
residual LiCl. The remaining samples, with the exceptions of Li,OHCly 4Br¢ ¢
and Li,OHBr, contained trace amounts of impurity phases, most likely non-
stoichiometric hydrated phases based on the desired phase. The end member
of the series, LiOHBr, was analysed via VT XRD over the temperature range
—163 to 77 °C. At —163 °C, there were initial signs of a phase transition. How-
ever, a complete transition was not observed owing to the technical limitations
of the equipment used. This structural change was observed to be reversible

with increasing temperature.

Li,OHBr was studied via VT multinuclear NMR spectroscopy over the
temperature range —19 to 106 °C. The VT 'H and “Li NMR spectra obtained
suggested that Li;OHBr also exhibits proton and Li-ion mobility. 'H and “Li T4
data indicated that protons exhibit less mobility than Li-ions, and both species
were less mobile when compared to Li,OHCI. Additionally, the energy barrier
calculated for Li-ion mobility was a little higher than for protons. However, the
energy barrier for both species was lower in LiyOHBr compared to Li,OHCI.
The 2H MAS NMR data obtained for Li;OHBr demonstrated the presence of
static OH™/OD~ groups between 8 — 69 °C. The OH™/OD~ groups were ob-
served to become mobile at 79 °C, and further increases in temperature re-
sulted in an increase in the proportion of mobile OH™/OD™ groups and thus a
decrease in the static groups. Almost all of the OH™/OD™ groups were mobile
at 110 °C. A similar trend was observed for Li,OHCI, although in Li,OHCI,
the OH™/OD™ groups became mobile at lower temperatures (69 °C). Li,OHBr

was also analysed via VT 7?Br MAS NMR spectroscopy over a temperature
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range of —19 to 106 °C. A single resonance indicative of a single site was ob-
served. The resonance exhibited a gradual decrease in intensity, along with an
increase in the chemical shift, with increasing temperature. This was likened
to the decrease in signal observed for *CI NMR signal in Li;OHCl. However,

the precise cause for this remains unclear.

Lastly, a mixed halide sample, Li,OHClp4Bros, was also selected to
be studied via multinuclear VT SSNMR spectroscopy. The 'H and “Li MAS
NMR data obtained for Li,OHCl 4Brg ¢ suggested that, in a similar manner to
Li,OHCI/Br, it also exhibits proton and Li-ion mobility. Interestingly, the 'H
and “Li T; values obtained were midway between those obtained for Li,OHCl
and Li,OHBr. Thus, suggesting that the mobility exhibited may decrease lin-
early with increasing x in Li,OHCl;_Bry. However, the 2H MAS NMR data ac-
quired for a deuterated sample indicated that all OH™/OD™ groups were static
between —19 and 69 °C. Only a small proportion of the OH™/OD™ groups be-
come mobile at 116 °C. Thus, indicating much lower proton and, consequently,
Li-ion mobility in the mixed halide sample. VT *Cl MAS NMR experiments
were also completed for the Li;OHClp 4Brp ¢ sample between 33 — 106 °C. At
33 °C, three distinct Cl sites were observed, and at 106 °C, two distinct Cl sites
were observed. At 106 °C, a noticeable reduction in the signal was also ob-
served, but the signal was still observable. Finally, the sample was also anal-
ysed via VT 7Br MAS NMR spectroscopy between 33 and 106 °C. A similar
trend to that observed for LiyOHBr was also observed here, i.c., a single res-
onance exhibiting a small but gradual decrease in intensity with increasing
temperature was observed. The resonance also exhibited a change in chemical
shift to higher ppm values. Interestingly, Cl and Br are expected to occupy the
same site in this sample. Thus, they are expected to exhibit similar behaviour.
However, this was not the case as the 3°Cl signal did not change until 106 °C,

whereas the 7’Br signal changed across the whole temperature range.

Overall, the data presented in this chapter demonstrates that Li,OHCl
is a promising material that exhibits good structural flexibility. Its composi-
tion can be easily modified via fluorine doping and halide mixing to access

the high-temperature cubic phase at room temperature. Moreover, the sam-
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ple composition was demonstrated to influence the proton and Li-ion mobility
greatly. Thus, fine-tuning the composition of Li;OHCI can be useful in pro-

ducing materials capable of exhibiting very high Li-ion conductivities.
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8 Conclusions and Future Work

8.1 Conclusions

The primary focus of this thesis was to synthesise and characterise a
series of LiIRAPs, including LizOCl, Li3OBr, their hydrated analogues, Li,OHCI,
LiOHBr and probe compositional changes in Li;OHCI via fluorine doping
and halide mixing. Owing to their extremely hygroscopic nature, a series of
air-sensitive techniques were used to prepare each LiRAP. Each sample was
analysed extensively via laboratory XRD, NPD and multinuclear SSNMR spec-
troscopy. Particular emphasis was placed on probing ion mobility within Li-
RAPs as they have been proposed as candidate solid electrolyte materials.
AIMD simulations were also completed by our collaborators to support our

experimental findings.

Initial investigations began with attempts to synthesise phase pure
samples of LizOCl and LizOBr. Samples were synthesised using LiCl, LiBr,
LiOH and Li>O as precursors via the Schlenk link or the muffle furnace method.
Numerous reaction temperatures and times were tested to optimise the reac-
tion conditions. Li3OCl and LizOBr were successfully produced, but the suc-
cess was limited as the samples prepared were not phase pure. Attempts to
increase phase purity included preparing the reagent mixture under an in-
ert atmosphere, regrinding and reheating the sample and using methods such
as pellet pressing and mechanical milling. However, producing phase pure
samples remained a challenge. The samples synthesised using LiCl, LiBr, and
LiOH always contained impurity phase(s), believed to be non-stoichiometric
hydrates or non-hydrated phases based on LizOCl and LizOBr. Conversely,
the reactions carried out using LiCl, LiBr, and Li,O never reached completion
as LizOCl and LizOBr are believed to be metastable phases and are reported
to readily decompose to form LiCl, LiBr and Li;O. Overall, the Schlenk line
method resulted in more favourable outcomes when compared to the muffle
furnace method, as more of the desired phase was produced for both LizOCl

and LizOBr. However, the numerous experiments detailed in this study sat-
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isfactorily demonstrate that the prospects of forming phase pure samples of
Li3OCl and LizOBr are extremely low. This is in agreement with recent litera-

ture reports and brings Zhao and Daemen’s findings into serious question and

doubt 124,196,218

The inability to form a phase pure sample of LizOCl shifted the focus
of this study towards its hydrated analogue, LiOHCI. The synthesis of which
proved to be a much easier task. LiOHCI was successfully synthesised using
two different methods, a conventional solid-state reaction and solely via me-
chanical milling, both of which were again completed under air-sensitive con-
ditions. LioOHCl is known to exist in two different phases, a room-temperature
phase believed to be orthorhombic and a high-temperature cubic phase in
space group Pm3m. The findings presented in the current study demonstrate
that the synthesis method greatly influences the phase obtained at room tem-
perature. The sample synthesised via a conventional solid-state route adopted
what is believed to be an orthorhombic structure, whereas mechanical milling
produced a sample that contained a cubic phase in space group Pm3m at room
temperature. Thus, highlighting the usefulness of mechanical milling, as the

high-temperature phase can be accessed at room temperature.

The room-temperature phase of LiOHCI has been a subject of consid-
erable debate within the literature in recent years, as a suitable and complete
structure is yet to be agreed upon. Hence, considerable efforts were dedicated
to elucidating the room-temperature structure of LiyOHCI. Several structural
models proposed in the literature, including a tetragonal structure in space
group P4mm and numerous orthorhombic structures, in space groups Prmic2y,
Cmcem, Pmmm and Pban, were assessed using the XRD and NPD data. Some
structural suggestions reported in the literature could not be evaluated owing
to a lack of crystallographic information required to generate a model. How-
ever, of the models proposed and evaluated, the orthorhombic structures in
space groups Pmc21, Cmcm, and Pmmm appeared to be the most suitable can-
didates. Conversely, the crystallographic information reported in the literature
for the Pban model was identified as being incorrect, as it was not in line with

the guidelines specified in the International Tables for Crystallography.??° In-
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terestingly, correcting this information produced a structural model that ap-
pears to be an excellent candidate structure for the room-temperature phase of
Li;OHCI. Moreover, ¥*Cl NMR studies proved highly informative, as the data
obtained indicated that Cl exhibits at least three distinct local environments
in the room-temperature phase and two distinct environments in the high-
temperature cubic (Pm3m) phase. However, none of the room-temperature
structures investigated contained three crystallographic sites for Cl, and the
high-temperature cubic (Pm3n) phase is known to have a single crystallo-
graphic Cl site. NMR is a local probe that provides information regarding the
local structure as opposed to the long-range structure. Thus, it appears that the
number of local Cl environments varies from the number of crystallographic
sites proposed by diffraction-based methods, which highlights the importance

of using multiple, complementary characterisation techniques.

In a similar manner to the perovskite structure, the anti-perovskite
structure exhibits extreme structural flexibility. Consequently, the composi-
tion of Li;OHCI is easily altered. In the current study, the composition of
Li,OHCl was modified by varying the Li and, in turn, the H content to pro-
duce samples in the series Liz—xOHCI (x = 0.25, 0.5 and 0.75). Fluorine dop-
ing also was used to prepare Lir(OH)o9F( 1Cl, and halide mixing was used to
produce Li,OHCli_Bry (x = 0.1 — 1). All samples in the series Liz_y OHCl
(x =0.25, 0.5 and 0.75) adopted the same structure as the room-temperature
phase of Li,OHCl and, upon heating, exhibited a phase transition to cubic
symmetry in space group Pm3m. Conversely, Lio(OH)o9Fp1Cl and samples
in the series LipOHCl;_4Bry (x = 0.1 — 1) adopted a cubic structure in space
group Pm3m at room temperature. Thus, demonstrating that the structure
of Li;OHCI can be controlled via doping. Interestingly, 1F NMR data ac-
quired for Li;(OH)o9Fo1Cl at high temperatures indicated two distinct fluo-
rine environments in the sample. It is suspected that fluorine occupies both the
OH and Cl sites in the structure. However, this is particularly challenging to
prove or confirm with solely the current data and further investigation is there-
fore needed. Moreover, all VT NMR datasets acquired for Li(OH)p9Fo1Cl,

Li;OHBr and Li;OHCly 4Brg ¢ suggest significant structural changes below room
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temperature. The data suggests that these samples may be undergoing a phase
transition below room temperature to adopt the same structure as that of the

room-temperature phase of Li,OHCI.

Li,OHCI was extensively investigated via VT multinuclear SSNMR
methods to probe ion mobility within LiRAPs. The 'H and 7Li NMR data
obtained suggested that both species exhibit mobility. This was confirmed via
'H and “Li T; measurements, and the corresponding energy barriers obtained
were in agreement with those reported in the literature.?!> The 2H NMR ex-
periments completed for a deuterated sample indicated that the protons/deu-
terons exhibit reorientational /rotational motion around the oxygen rather than
free movement throughout the structure. Moreover, the OH™/OD™ groups do
not appear to exhibit any motion until much higher temperature, i.e., follow-
ing the phase transition. Thus, temperature was determined to play a key
role in the mobility of OH~/OD~ groups. 'H and ”Li PEG-NMR spectroscopy
confirmed that protons do not display any diffusion, whereas Li-ions exhibit
diffusion and are therefore capable of moving throughout the structure. The
experimental findings were supported by AIMD simulations completed by our
collaborators. The MSD plots generated for each element in Li;OHCI and the
diffusion maps obtained indicate that Li exhibits long-range motion, whereas
proton mobility is limited. The calculations also indicated a highly correlated
movement of protons and Li-ions, as the protons always point towards a Li-
ion vacancy. Thus, the movement of Li-ions causes the protons to reorient in

order to ensure they are always pointing towards a vacancy.

Samples in the series Liz_xOHxCl (x = 0.25, 0.5 and 0.75), Li;OHCl; _4Bry
(x=0.1-1) and the fluorinated sample, Li;(OH)g 9F0.1Cl, were also studied via
H and 7Li NMR to investigate proton and Li-ion mobility. In a similar manner
to Li,OHCI, these samples also exhibited proton and Li-ion mobility. Deuter-
ated samples of Li 5OHg5Cl, Lio(OH)goFo.1Cl, LiOHBr and Li,OHClj 4Brg¢
were analysed via VT 2H NMR spectroscopy. Similar to LiyOHCI, in Li(OH)g 9-
Fo.1Cl, the OH™/OD™ groups became mobile at 69 °C. However, in Li; 50H( 5C1
and Li;OHBt, the OH™/OD™ groups become mobile at 79 °C, whereas in Li;OH-

Clp 4Brg 6, only a small proportion of OH™/OD™ groups became mobile at much
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higher temperatures (116 °C). Surprisingly, while analysing the Li(OH)o 9Fo.1Cl
sample, the 2H NMR signal disappeared between 33 and 69 °C. At present, it

is not clear why this occurs.

The LiRAPs investigated in the current study all contain halides. Thus,
VT *Cl and 7Br NMR spectroscopy was also utilised. The data obtained
was particularly informative, as it reveals many new avenues of investiga-
tion into these systems. For Li,OHCI, the 35Cl resonance observed exhibited
a significant decrease in intensity with increasing temperature and eventually
became unobservable. This decrease in signal intensity was also observed for
Li» 50Ho5Cl and Lip(OH)poFo1Cl. However, the degree of signal reduction
was markedly lower for LiyOHClp 4Brg . A similar trend was also observed in
the VT 7Br NMR data acquired for samples of LiyOHBr and Li;OHCly 4Br.
Here, the resonance exhibited a gradual decrease in signal alongside a change
in the chemical shift. This behaviour was suggested to be linked to the mobility

exhibited in the sample, but the exact cause is yet to be confirmed.

In conclusion, the current study has demonstrated that phase pure
samples of LizOCl and Li3OBr cannot be synthesised, whilst their hydrated
analogues, Li,OHCI and Li,OHBr, are relatively easy to synthesise. Li,OHCl
was observed to exhibit localised proton mobility and long-range Li-ion dif-
fusion, and the experimental findings were supported by AIMD simulations.
Overall, Li,OHCl has been demonstrated to be a versatile material, the compo-
sition of which can be readily altered by varying the Li and H content, fluorine
doping and halide mixing to influence both the structure and ion mobility. This
makes Li)OHCI and its related compositions worthy contenders to be tested

for use as solid electrolytes in ASSBs.

8.2 Future Work

The primary objective of this study was to synthesise LIRAP samples
and probe ion mobility within the samples. Several LIRAP samples were syn-
thesised and demonstrated to exhibit localised proton mobility and long-range

Li-ion movement. However, the versatility of LIRAP system means it can be
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researched further, with many potential areas of interest yet to be explored.

The experiments completed to synthesise phase pure samples of LizO-
Cl and Li3OBr tested a wide range of reaction conditions and techniques com-
monly used during solid-state synthesis. However, phase pure samples could
not be produced. There are additional experiments that can be attempted to
try and optimise the reaction conditions further and increase the amount of
the desired phase produced. They include mechanically milling the reagents
for longer, i.e., greater than the 1 hr attempted in this study. In a similar man-
ner to LiOHCI, the synthesis of Li3OCl and LizOBr could be attempted solely
via mechanical milling. Moreover, ultra-high vacuums could be utilised in
conjunction with the Schlenk line method to potentially reduce the number of
impurity phases produced. Furthermore, cation and anion doping and halide
mixing can be attempted to aid synthesis and increase phase purity. The re-
sults presented for the hydrated analogue, Li,OHC], in this study are quite
promising. Hence, this is a possible avenue for further investigation. More-
over, the samples discussed in the current study could be further analysed
and characterised using techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) and X-ray fluorescence (XRF) for quantitative analy-
sis of sample composition. This would be extremely useful in identifying the
impurity phases present in the samples and, in turn, allowing for a deeper
understanding of the reactions taking place. However, it is noted that their

air-sensitive nature may make such analysis challenging.

The deuterated sample of Li,OHCI analysed via NPD was found to
contain a small amount of the cubic (Pm3m) phase at room temperature. This
was attributed to the slightly different reaction conditions used to prepare
the sample. Hence, it may be possible to increase the proportion of the cu-
bic (Pm3m) phase or even produce a sample consisting solely of the desirable
cubic phase by optimising the reaction conditions further. The mechanically-
milled Li,OHCl was analysed extensively via VI NPD. The sample was ini-
tially cooled to —263 °C and then heated gradually to 150 °C, where the sample
crystallinity was observed to increase. Additional VT NPD experiments could

be completed to investigate the effects of subsequent cooling on the sample.
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Recently, mechanically-milled Li,OHCl was reported to undergo a phase tran-
sition to an orthorhombic structure when cooled after annealing at high tem-
peratures.??1222 However, the exact temperature for the phase transition seems
to depend on the method of sample preparation and the duration of anneal-
ing. Thus, VT NPD experiments will be instrumental in studying this possible
phase transition. Moreover, additional VT '/2H and “Li NMR experiments can
also be completed to probe ion mobility within the sample as a function of tem-
perature. VT ¥Cl MAS NMR experiments will also be helpful, and the findings
can be compared with those obtained for the Li,OHCIl sample synthesised via
conventional solid-state methods. Moreover, the XRD and NPD data obtained
for Li,OHCl samples indicated that different synthesis methods, conventional
solid-state methods and mechanical milling produce samples with different
crystallite sizes. Techniques such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can be utilised to investigate the dif-
ferences in sample morphologies. However, it is noted that the analysis is

likely to be difficult as LioOHCl is extremely hygroscopic.

Furthermore, samples in the series Li3_OH\Cl (x = 0.25, 0.5 and 0.75)
were found to contain an unidentified impurity phase that was also present
in the LizOCl samples. Hence, these samples could be analysed via VT NPD
to determine the precise composition of both the desired phases and the iden-
tity of the impurity phase. Obtaining NPD patterns for the high-temperature
cubic phases will be advantageous as the cubic phases will produce fewer re-
flections. In turn, there will be less overlap between reflections corresponding
to the desired phase and the impurities. This will aid in obtaining accurate
fractional occupancies during Rietveld analysis and allow for accurate deter-
mination of the compositions for the desired phases. Additional experiments
can also be completed to optimise the reaction conditions to increase phase pu-
rity. These can include varying the reaction temperature, time and heating and
cooling rates. In the current study, only the Li; 50H( 5Cl sample was analysed
via VT 2H and 3Cl NMR spectroscopy. The other samples in the Liz_xOHCl
series could also be analysed via VT 2H and **Cl NMR spectroscopy to probe

the proton mobility and Cl environments as a function of composition and
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temperature. Moreover, 'H and “Li PFG-NMR experiments could also be un-
dertaken to confirm the precise nature of proton and Li-ion mobility in these

samples.

The fluorinated analogue of LiOHCl, Li;(OH)9F.1Cl, was observed
to exist in a cubic (Pm3m) phase at room temperature. However, the VT mult-
inuclear NMR data acquired for the sample suggested a phase transition be-
low room temperature. Hence, a comprehensive structural characterisation of
Li>(OH).9F0.1Cl can be completed using VT XRD and NPD methods to explore
the possible phase transition. Moreover, the VT ’F MAS NMR indicated the
presence of two distinct fluorine environments at 106 °C. Therefore, comple-
mentary high-resolution XRD and NPD will be extremely useful in determin-
ing the precise location and number of crystallographically distinct fluorine
sites present in the sample. Moreover, two fluorine environments were only
observed at 106 °C, when the resonance had narrowed considerably. There-
fore, additional NMR experiments can be completed using faster MAS rates
to determine whether multiple fluorine environments are present at all tem-
peratures or whether they only appear at higher temperatures. 'H and “Li Ty
and PFG-NMR experiments can also be completed to probe the proton and
Li-ion mobility. The VT F NMR data and preliminary °F T; measurements
suggested that fluorine may also be exhibiting motion. This can be further
investigated by completing additional '°F T; measurements to acquire more
data points across a greater temperature range. Moreover, 1F EXSY and PFG-
NMR experiments can also provide valuable insight into any fluorine dynam-

ics within these LiRAPs.

Furthermore, VT XRD studies of the Br analogue, Li,OHBr, suggested
a phase transition at very low temperatures. However, this phase transition
could not be fully observed owing to technical limitations. Hence, additional
VT diffraction experiments could be completed using NPD at HRPD or syn-
chrotron XRD, as these techniques allow a much larger temperature range to
be explored. Similar to Li)OHCl, Li;OHBr can also be analysed via IH and
7Li PFG-NMR spectroscopy to determine the precise nature of any proton and

Li-ion motion. Moreover, VT 7Br NMR data presented in the current study in-
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dicated a gradual change in the Br environment with increasing temperature.
The reasons for this are currently unclear. One of the suggestions included
Br mobility. Therefore, Br mobility can be investigated via “Br T; and PFG-
based methods. A more comprehensive study of LiyOHBr could include ¥ Br
NMR studies. It would be interesting to see if VT 8'Br NMR data exhibits the
same trend as that observed via 7”Br NMR spectroscopy. Recently, the synthe-
sis of Li)OHBr prepared solely via mechanical milling and samples in the se-
ries Li3_yOH,Br (x = 0.6 — 1.5) were reported in the literature. 238240 However,
extensive analysis of the samples via NMR spectroscopy is not yet reported.
Hence, future research could include the synthesis, deuteration and analysis
of these materials via multinuclear VT NMR spectroscopy. Thus, allowing for

a direct comparison with the data presented for Li,OHCl in the current study.

In a similar manner to Li;OHBr, the VT NMR data acquired for a
mixed halide sample, Li,OHCly 4Br ¢, suggested significant structural changes
when the sample was cooled below room temperature. Hence, these changes
could be further explored via VT XRD and NPD methods. Moreover, all sam-
ples in the series LipOHCl;_4Bry (x = 0.1 — 1) can be studied via VT 'H and
7Li NMR to observe the effects of gradual changes in the composition on pro-
ton and Li-ion mobility. VT 'H and “Li T; measurements will be particularly
useful to determine whether there is a correlation between the T; values and
sample composition. Moreover, all samples can be deuterated and studied via
VT 2H NMR spectroscopy to probe any variations in the H/D mobility var-
ied as a function of Cl and, in turn, Br concentration. Additionally, the mixed
halide samples can be investigated via VT 3°Cl and 7”Br NMR spectroscopy
to gain information regarding the local halide environments and analyse the

influence of variations in the relative halide concentrations.

The compositional doping of Li,OHCl investigated in this study demo-
nstrates the highly flexible nature of Li,OHCl. However, only anion doping
was explored in the current study. Cation doping can also be used to partially
substitute Li with several cations, including but not limited to Na™, Mg2+, Ca?,
and AIP*. Moreover, cation doping can be combined with F~ doping and/or

halide mixing to produce a wide range of compositions. Hence, the composi-
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tion of LiRAPs can be customised to achieve very high ionic conductivity.

It is noted that all samples discussed in this study contain oxygen.
However, no 7O NMR experiments were undertaken due to its extremely low
natural abundance (0.038%). Therefore, additional research into the LiRAP
system could include analysis via 7O NMR spectroscopy following enrich-
ment of the samples with 17O. The AIMD simulations completed for Li,OHCI
indicated multiple O environments due to different Li coordination during Li-
ion diffusion. These could be explored in detail via 17O NMR spectroscopy.
Thus, allowing an insight into the influence of ion dynamics in the system
on O. Moreover, 17O NMR studies of the fluorinated analogue and the mixed
halide samples could prove to be very helpful in analysing the influence of

dopants on the O environment.

Finally, the techniques used during this work, including XRD, NPD
and SSNMR spectroscopy, have proved instrumental in investigating the struc-
ture of LiRAPs and probing ion dynamics within the samples. Thus, demon-
strating the usefulness of these techniques. However, it is noted that the ion
conductivity exhibited by the LIRAP samples has not been measured quanti-
tatively. Therefore, future studies can focus on analysing the LiRAP samples
via EIS to measure ion conductivities as a function of temperature and compo-
sition. Doing so can identify favoured compositions. In turn, the synthesis can

be tailored to produce samples with very high ion conductivities.
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Figure Al: X-ray diffraction pattern obtained for LiOD. Also shown for comparison is the

diffraction pattern obtained for LiOH.
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Figure A2: ?H (11.7 T) MAS NMR spectrum obtained for LiOD. The MAS rate was 10 kHz.

A recycle delay of 5 s was used to acquire 4 transients.
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Figure A3: X-ray diffraction pattern obtained for LiOD. The diffraction pattern was
recorded using a Co source through Be windows. Reflections corresponding to Be (~54°)

and BeO (45.4, 48.5, 51.9°) are also observed.
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Figure A4: X-ray diffraction patterns obtained for samples of Li,ODCl synthesised via con-
ventional solid-state routes (blue) and mechanical milling (green). The diffraction patterns

were recorded using a Co source through Be windows. Reflections corresponding to Be

(~54°) and BeO (45.4, 48.5, 51.9°) are also observed.
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Figure A5: Temperature calibration data obtained for the 4 mm probe at 10 kHz using neat

methanol.
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