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ABSTRACT

The world is heading towards a global warming crisis, world temperature is increasing, due in
part to the use of fossil fuels as the major energy source. The prevalence and importance of
improved battery technologies are only going to increase as the world switches to
intermittent renewable energy sources from the incumbent fossil fuels. Modern-day lithium-
ion batteries have been used as large scale energy storage devices, however, as the fire at the
Victorian Big Battery in 2021 has shown, there are major safety issues around the large
amounts of highly flammable solvents used in liquid electrolytes. One way to avoid this is by
using a solid-state electrolyte leading to a fully solid-state battery. Research into this
technology is in its infancy, however, there are some commercial solid-state batteries, for

example, the Toyota solid-state batteries.

There are many different types of materials that have been developed as solid-state ionic
conductors and this project will focus on using cluster borohydride salts as potential solid-
state ion conductors. This class of compounds has previously shown excellent ion
conductivity, with the mono-carborane salts (CB11H12") showing superionic conductivity near
room temperature. This project focusses on developing other substituted dodecaborate salts
with the aim of creating materials with similar ion conductivity to the incumbent ionic liquid
at room temperature. Lead, tin, bismuth and antimony will be substituted into the 12-vertex
dodecaborate anion, paired with group 1 alkali metals and these novel salts will be

characterised with a view to being potential solid-state electrolytes for battery applications.

Group 1 plumba-closo-dodecaborate salts were synthesised from trimethylammonium nido-
undecaborate as confirmed using Fourier-Transform Infra-red (FTIR) and Nuclear Magnetic
Resonance (NMR) spectroscopies. These anions have a lead atom within the 12-vertex cage,
which creates a dipole and anisotropy in the divalent anion, similar to CBi1H12™ salts.
Li,B11H11Pb-xH20 shows superionic conductivity up to ~ 7 mS cm™ at 120 °C, which is
comparable to LiCBiiH12. However, at temperatures above 120 °C, dehydration of the
material causes a reduction in the ionic conductivity performance. This observation is
reinforced by Synchrotron-Radiation X-Ray Diffraction (SR-XRD) studies, where a change in

crystal structure is determined. The sodium and potassium salts show moderate performance
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as ionic conductors. Despite the plumba-borate salts being inferior to carboranes in terms of

ionic conductivity, they are an improvement on the unsubstituted B1,H1,? salts.

A tin substitution into the closo-dodecaborate anion (B11H115n%) was also undertaken from
MesNHB11H14. This anion is polar, however, smaller than B11H11Pb? anion, with the hypothesis
that this will improve the conductivity of the material. LizB11H11Sn shows high ionic
conductivity of ~ 8 mS cm™ at 130 °C, similar to the state-of-the-art LiCB11H1, at these
temperatures. NazB11H11Sn also reaches superionic conductivity at 170 °C, but K;B11H11Sn
exhibits moderate conductivity. The stannaborate salts do not show the required
performance at room temperature, however they do show potential compared with the
B12H12% salts demonstrating that electrostatically polar anions may be advantageous for ionic

conductivity.

Group 1 stiba- and bisma-closo-dodecaborate salts were successfully synthesised as
confirmed by NMR and Raman spectroscopies. These anions show electrostatic charge
distributions similar to the best performed borohydride salts and are monovalent akin to the
carborane salts. NaB11H11Bi and NaB11H11Sb show superionic conductivity above 140 and 90
°C and up to maximum of 2 x 103S cm™ at 170 °C and 1 x 102 S cm™ at 150 °C, respectively.
This performance is far better than the lithium salts, which not only show low ionic
conductivity € 10® S cm™ but do not reach superionic conductivity even at elevated

temperatures.

The ion conductivities achieved by these novel alkali metal closo-borate salts have been
shown to be promising, due to the superionic conductivity of many of the materials. However,
this conductive performance was only achieved at high temperatures so cannot be used in
every day battery technologies, alongside using more expensive materials during synthesis
and low chemical stabilities than the current contemporaries. However, these materials show
promise and further investigation in substituted metallo-borane salts as potential solid-state

battery materials is warranted.
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CHAPTER 1 - INTRODUCTION

1.1 World Energy Crisis?

The world is at a tipping point. The effects of global warming are being seen around the world
with melting ice caps leading to rising sea levels causing frequent flooding to densely
populated, low lying areas.'? Furthermore, the amount of weather-related catastrophes are
increasing, for example, the increase in precipitation rates during tropical cyclones.® The
damage and destruction of global warming is not only seen by humans, it has pillaged other
living organisms around the world. Sea acidity levels are increasing which has a catastrophic
effect on marine life, this is no more apparent than the health of corals off the coast of

Australia, where death and bleaching of these colourful and crucial organisms has occurred.*

Global warming is not the only phenomenon seen in the 21 century. The technological age
is in full swing with booming populations and industrialisation leading to increased energy
demand around the world.>® This is partially due to improved medical technology, such as
drugs and surgical techniques, curing previously deadly conditions leading to higher life
expectancies worldwide.” Digitalisation of the world leads to the increased reliance of
electrical devices and therefore energy is needed to fuel the world and the daily norm we see

today.?

1.1.1 Fossil Fuels

The usage of increasing amounts of energy is not inherently a bad thing for global warming
and the world in general. The major issue is the source of this energy and what the bigger
picture is from using energy from this source. Nowadays, the largest source of energy is from
burning non-renewable fossil fuels such as coal, oil or natural gases, for example methane
and propane.® They are a wonderful resource in the fact they have a large energy density, so

burning a small amount releases a large amount of energy. They are extracted from within



the Earth’s crust and have been formed by the pressurised decomposition of natural species,
such as animals and plants, over millions of years.'° Due to the length of time taken for fossil
fuels to form, they are considered a finite resource.!! However, the greatest issue with using
fossil fuels as an energy source is the fact they emit greenhouse gases, for example, carbon
dioxide (CO2), which release 36.1 GtCO; per year into the atmosphere.'? A greenhouse gas is
a gas that absorbs UV radiation and must contain a heteronuclear bond as homonuclear
bonds do not absorb UV radiation.!> An increased amount of greenhouse gases in the
atmosphere leads to increased global warming as the Sun’s energy cannot escape as easily
from the Earth’s atmosphere after reflecting off its surface.'® This extra retention of energy
within the ionosphere leads to increased global air temperatures and global warming. Fossil
fuels are not the sole source of energy used to power the world. Other “greener” sources
such as nuclear energy are also used but they also possess their own potential health hazards,

for example, the disposal of highly toxic radioactive waste.'*

1.1.2 Renewables

However, there are other energy resources that can help fuel the world that do not lead to
the emission of large amounts of greenhouse gases or the dumping of toxic waste. These use
the natural phenomena seen globally, such as the weather, and harness their power and
convert them into an energy source to fuel the world.'®> Furthermore, they are considered

renewable, meaning that they are not finite and can be used without limitation.

One example is the use of solar power. The energy released from the sun is used to power
the Earth in two main ways. Firstly, photovoltaic (PV) cells can be used to convert the sun’s
rays into electrical energy which can power electrical devices.'® Secondly, the energy can be
converted into heat using an array of mirrors to focus the energy at a specific point which
generates extremely high temperatures.l” Another source is using wind power to drive
turbines that drives a generator, creating electrical energy for use.'® There are also many

more renewable sources of energy, for example, hydroelectric power.®

There is one major drawback for the use of renewables to power the world and that is because

they are intermittent sources. The sun does not shine all day, nor does the wind blow



consistently. Studies have shown that these resources can power the world with the addition
of one vital component; an energy storage device. This allows energy to be stored and

accumulated when there is a surplus and then deployed when there is a shortage.

1.2 Energy Storage

Energy storage devices are vastly abundant the world round and come in different shapes,
sizes and designs in order to fit their purpose. There are three main types of energy storage;
mechanical, thermochemical and electrochemical. Mechanical energy storage takes
advantage of kinetic or gravitational potential by using energy to, for example, compress air.?°
When the energy is needed to be used, the pressure is released, the energy is released and

available to be used on demand.

1.2.1 Thermochemical Energy Storage

Thermochemical energy storage uses heat to power a reversible endothermic chemical
reaction. This heat can be provided from many sources, including concentrated solar power
(CSP). When the energy is needed to be used the reverse reaction is encouraged, leading to
an exothermic chemical reaction, hence releasing energy.?"?> Examples of this are using
materials such as metal hydrides or metal carbonates.'”?3 The metal hydrides, for example,
are heated to a high temperature (~ 1000 °C), releasing hydrogen gas and the metal. The
hydrogen gas is stored and then reintroduced when needed into the system, exothermically

reacting with the metal when heat is desired to power a heat engine and produce electricity.



1.2.2 Electrochemical Energy Storage

Electrochemical energy storage devices, or as they are more colloquially known, batteries, are
the most common type of energy storage technology and are used to power a great quantity
of electrical items from cars to mobile phones.?* The first battery was developed by Volta in
the early 19t Century and the concept has been built on ever since.?> A battery contains three
main components; a positively charged cathode, a negatively charged anode and a liquid
electrolyte when supplying power.?® Energy is released from a battery from oxidation-
reduction (redox) reactions at the respective electrode (reduction at cathode, oxidation at
anode).?’ The liquid electrolyte allows ions but not free electrons to be dissolved within the
liquid to be transported to the electrodes and under these redox reactions. This energy is in
the form of direct current (DC), which is used to power many electrical items.?” There are
many different types of battery such as lead-acid and nickel-cadmium batteries.?® Lead-acid
batteries (LAB) are commonly used, however, the lithium ion battery (LIB) has a similar usage
(LAB - 49.9% vs LIB - 45.7%) with projections to take over as the most widely used in the

future.?®

1.3 Lithium ion Batteries

Lithium ion batteries (LIB) have been developed for over 40 years and could take a key role in
helping to overcome the world energy crisis.3® They are lightweight, highly functional
batteries that are also high energy density (700 WhL™), so a large amount of energy can be
stored in a small and light battery.3! The battery contains three main components; a metal
oxide cathode (such as LiMnO; or LiCo0O3), a graphite anode and a lithium based liquid
electrolyte such as LiPFg in ethylene carbonate (Figure 1.1).273! Li* ions travel through the
electrolyte to the cathode where they are reduced, releasing energy. This creates a charge
imbalance that is corrected by electron travel through the circuit, providing electricity for

power applications.
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Figure 1.1. A comparison between cells with liquid and solid-state electrolytes batteries.

Equations 1.1-1.3 show the respective half and full cell equations for a generic lithium ion
battery. LIBs are rechargeable due to the reversibility of the reactions at both electrodes.?’3!
The input of a DC voltage through the cell drives the reverse chemical reactions, thus
returning the cell to its original state.3° This allows the cells to be reused and as a result are a

device to store renewable energy.

One drawback is the degradation of performance over time. In one study after 1000 cycles,
these cells will begin to wear, and the capacity of the battery will decrease by ~20%.%2% A major
disadvantage of lithium ion batteries is the use of a highly flammable and volatile solvent such
as ethylene carbonate.3? Furthermore, the use of a liquid reduces their ability to function
outside of their operating window due to freezing and boiling.33 Also, solid lithium cannot be
used as the anode to make the batteries inexpensive and perform at an improved voltage
window.3* The way to avoid these issues is using a full solid state construct including a solid

state electrolyte (Figure 1.1).



Half Cell Equation at the cathode:
(1.1)
LiMO, + xLi* + xe™ © Lij,,MO,

where M = metal

Half Cell Equation at the anode:
(1.2)

LiCg & Cg + Lit + e~
where Cg = graphite
Full Cell Equation:
(1.3)
LiMO, + Li,,Cs < Lij1, MO, + Cq

1.4 Solid State Electrolytes

Solid state electrolytes are seen as the future of battery technology as they remove some of
the negative features of the current market leader, the lithium ion battery.3> By definition,
they remove the need for the highly flammable and volatile liquid electrolyte making them
an inherently much safer option than traditional liquid electrolytes. Furthermore, they can
have a higher energy density so they will theoretically have a longer time span between
recharges (1200 Wh L1).36 A full solid state construction allows the use of a pure metal anode
as one of the electrodes. Using a lithium metal anode (LMA) with traditional liquid electrolytes
can cause short circuiting due to the growth of lithium dendrites from the metal anode.
Dendrites are the deposition of lithium metal on the anode from the reduction of Li* ions in
the electrolyte. Whilst these dendrites can exist using solid-state electrolytes, there are
techniques such as using solid electrolyte separators. This allows the use of LMAs as they have

a much higher energy density then standard graphite anodes (1200 vs 770 WhL™?).



Furthermore, solid-state electrolytes are compatible with the cathode materials used with
liquid electrolytes which reduces the amount of technological cost in developing the cathode.
However, there are drawbacks to the use of solid materials as electrolytes. Firstly, they have
inherently low ion conductivity in comparison to their liquid contemporaries. Currently liquid
electrolytes have an ion conductivity of ¥~ 10 mS cm™ at 293 K whereas the solid alternatives
are much lower.3” Furthermore, the synthesis of the solid materials used are often very
expensive due to the cost of starting materials or synthetic conditions.3®3° In addition, the
solid-solid interface gives poorer electrolyte-electrode contact than their liquid alternatives

and also needs to be addressed.*°

1.4.1 Solid ion conductors

Materials in the solid state do not allow for the free movement of ions in the same way that
materials in the liquid state do.*! In traditional batteries, ions can freely travel through a liquid
to each electrode with minimal impact of their respective counter ion.*? In a solid lattice of
ions, this is not the case, however ions must still be able to flow in order to be oxidised and
reduced at the respective electrode.*® This requires a special design of the solid material to
allow ionic migration throughout its crystal lattice without electronic conduction. lon
conductors have been known since the 19t century, and materials have been developed and
refined so that they have ion conductivity performance similar to the incumbent liquid
electrolyte, LiBF4/EMIBF4.2>4* There are various methods for ion conductivity depending on
the structure of the material.*> The vacancy mechanism uses Schottky defects (ion vacancies
within the crystal structure) to allow ions to hop into available ion sites (Figure 1.2). This
creates a new vacancy allowing a further ion to hop and this phenomenon repeats, allowing
ions to transport through the solid.*® The interstitial mechanism uses Frenkel defects (over
population of ion sites).*” This allows ions to displace neighbour ions in adjacent available
sites, thus allowing diffusion of these ions through the solid lattice. In the cation conduction
mechanism, which is seen in this project, cations are usually transported through a static ionic
lattice. However, a recent study has unveiled additional anionic rotation within the crystal

I”

structure known as the “paddle-wheel” mechanism as the conductive method within certain

high performing borate cluster materials.3”*® Cations move through the paddle-wheels
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formed by the anionic rotation and compounds which exhibit this phenomenon have been

shown to have high ion conductivity.

Frenkel Defect

\

Schottky Defect

Figure 1.2. A lattice depicting Schottky and Frenkel defects

1.4.2 Current Solid State Electrolytes

There are different types of compounds which have shown promise as possible solid state
electrolytes as seen in Table 1.1. Perhaps the more prevalent is the use of inorganic solids
such as sulphides (e.g. LiioGeP2S12) and silicates (e.g. NasZr,PSi,012).374°1 They show high
promise due to the high lability of the respective lithium and sodium ions. These have high
ion conductivity, especially at high temperature (> 100 °C) and are chemically stable. Inorganic
solids such as sulfides are already being used commercially alongside a lithium metal and
lithium nickel manganese cobalt oxide electrodes, however, these compounds require a high
synthesis temperature or use of ball milling which lead to sample impurities and irregularities
not suitable for mass production.>> Other solid state batteries use solvent-free salts and
polymers as the electrolyte, but these materials often have low room temperature ion
conductivity and see degradation at the electrolyte cathode interface.>® They work by the

migration of ions through the polymer chain between the two electrodes.>* An example of



this is shown by Yue et. al. where a mixture of polymers are used in the electrode to afford

high ion conductivity levels.>®

Figure 1.3 shows a comparison between different types of materials as potential solid-state
electrolytes. Sulfides have been proposed as potential electrolytes due to their superionic
conductivity and high thermal stability, allowing prospective batteries to be able to run at a
wide range of temperatures.”® However, these compounds tend to show low chemical
stability, leading the release of toxic H,S gas.>” Metal oxides also show high ion conductivities
and thermal stability alongside excellent oxidation and reduction resistance.?®* However,
these compounds show poor interfacial compatibilities and extreme temperature synthetic
methods.”® Polymers overcome these interfacial difficulties, however, show low ion
conductivities so are usually unsuitable as potential electrolytes.*® Hydroborates overcome a
wide range of the drawbacks found with the other compounds. They show superionic
conductivities and are compatible with a range of alkali metals.>®®° Their drawbacks include
synthetic methods which are not well refined and developed. This project aims to develop

novel methods in synthesising new hydroborate salts as potential solid-state ion conductors.
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Figure 1.3. The advantages and disadvantages of various materials as potential solid-state
electrolytes.®! This figure is reused from the reference provided and permission to use this figure is

shown in Appendix E.

Sodium ion batteries are a promising alternative to lithium ion batteries due to the much
higher abundance of sodium (2.83 %) than lithium (0.01 %) on Earth and as a result sodium
(5150 per tonne) is much cheaper than lithium ($5000 per tonne).®? The abundance and price
of sodium is the primary advantage of sodium ion batteries and drives further development
into electrode technologies. Currently, there is a commercial sodium battery using a solid-
state electrolyte, however, this uses elevated temperatures (~ 300 °C) and molten sodium
and sulfur electrodes.?® This requires a high level of safety precautions to use this technology

implying it is not viable to be widely used.

11



Table 1.1. Examples of some existing solid-state ion conductors

lon Max. Conductivity
Material
Compound Conductivity at (Secm™) and Problems Ref
Type
25°C(Scm?)  Temperature (°C)
Inorganic Wrong cation — Ag is
Ag2B12H1> 2x10* 3x10?tat220°C 8
salt Very expensive
Expensive to
LizoGeP,S1, Ceramic 2.8x103 1x10tat 110 °C 49,50
manufacture
Inorganic Low Conductivity at
Li,B12H12 1x107 2 x10™* at 180 °C &
salt room temperature
Inorganic 1x10* (at 40 High manufacture
LiCB11H12 5x 107 at 160 °C 66
salt °C) cost
Inorganic Extremely
LiN3 1x103 8x102at270°C 67,68
salt hygroscopic
Extremely
Doped
hygroscopic and
Li-B”-Al,0; inorganic 3x1073 - &7
difficult to prepare
solid
dry
Low ion conductivity
at room temperature
NaiGePsS12 Ceramic 1.2x107 1x103at 130°C &9
and expensive to
manufacture
Inorganic Low conductivity at
NazBi2Hi2 1x107 1x10tat270°C 66
salt room temperature
Defects introducing
Inorganic
NasPS, 3.5x 103 2x102%at270°C due to ball milling 0
solid
synthesis
High temperature
NasZr,PSi;01, Ceramic 1x103 2x101at 300 °C 37,51
during synthesis
Inorganic High manufacture
NaCBi1Hi, 5x 107 2x10tat 120 °C B
salt cost
PAN -
Polymer 9.56 x 10°° 9x10™ at140°C Low conductivity 7
Lio.33sLao.55TiO3
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Low conductivity at
PEO - (LiTFSI)  Polymer 1x10° 1x 103 at 80 °C 40
room temperature

1.4.3 lon Conductivity

lon conductivity (o in S cm™) is the measurement that determines a compounds ability to
conduct ions within a solid material.”> The mechanism by which these materials conduct
varies depending on the material and these mechanisms are discussed above. lon
conductivity generally improves with increased temperature for two reasons. Firstly, as
temperature increases, the entropy of the material increases and as a result the number of
defects is increased which improves conductivity. Also, the number of molecules with the
activation energy to diffuse through the material is increased at higher temperature by
Boltzmann’s law and thus higher conductivity.”>’* However, large increases in ion
conductivity can also be observed due to a polymorphic phase transitions which can form
structures which are more favourable for ion migration.”> Figure 1.4 shows the ion
conductivity against temperature of a selection of different lithium and sodium compounds.
They show that a multitude of different chemistries can give super ion conductivity (o > 1 mS

cm1). One family of compounds with particular promise are cluster boron compounds.?’
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1.5 Boron

Boron isthe lightest group 13 element with an atomic number of 5. The electron configuration
for boron is 1s% 2s? 2p! meaning it has just three valence electrons which it readily bonds with
itself and other elements using covalent bonds.® Boron was discovered as a component of
the mineral borax (Na2B407) but was not isolated until the late 18t century by Sir Humphrey
Davey.®! Boron has two major stable isotopes °B and !B at approximately a 20:80 ratio
leading to an atomic number of 10.811. Boron forms a wide range of compounds namely
oxides, simple hydrides, sulfides and halides, where it has a formal +3 oxidation state.®
However, elemental boron is rare as it is difficult to synthesise and does not occur naturally.®?
Boron is an inherently electron deficient element as many neutral molecules containing boron
leave boron having only six valence electrons and not the normal stable octet.° As a result,
boron containing neutral molecules are reactive, for example, the simplest boron containing
molecule, BH3, reacts violently in air and is only stable in an electron donating solvent such as

tetrahydrofuran (THF) or diethyl ether or as a dimer.8°
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1.5.1 Three centre — Two electron bonding

Diborane (B2Hs) was discovered by Stock in 1943 and is an extremely reactive and toxic gas
but its bonding is very interesting and unique to group 13 elements and their compounds.
Regular covalent bonding shares two electrons between two atomic centres (2c-2e bonding),
however, diborane does not contain enough electrons to do the conventional 2c-2e bonds.®3
Instead it shares the electron density of two electrons over three atomic centres (3c-2e
bonding). This allows each boron atom to have a pseudo full octet.?42> In effect, it forms atom
bridges (e.g. H or Cl) between the boron atoms (Figure 1.5) where each bridge contains just
two electrons. This phenomenon is found throughout group 13 compounds such as Al;Hs and

also allows the formation of boron cluster molecules.?

Figure 1.5. The bonding within B,Hgs — red hydrogen atoms indicate bridging hydrogen which
undertake the 3 centre — 2 electron bonds.

1.6 Cluster Boron Compounds

Complex boron-hydrogen compounds, or boranes, have been known for over 70 years with
one of the most well-known and used compounds, decaborane (BioH14) discovered in 1948
by Lipscomb, for which he won the Nobel prize for chemistry in 1976.848¢ These compounds
can be molecular but are also commonly found as anions. Complex boranes form a variety of
three-dimensional multi-vertex polyhedra, which can be classified into four different types as

discussed below. These compounds follow Wade’s rules to diagnose their structures.®’
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1.6.1 Wade’s Rules

Wade’s rules were developed by Wade in 1971 and they diagnose their structure by
calculating the total number of skeletal electron pairs depending on the number of available
electrons for bonding within the structure (Figure 1.6).%” Closo (closed) boranes have no
missing vertices and have the general formula B,Hn+> for molecular compounds. A relative
example is the lithium and sodium salts of the dodecahydrido-closo-dodecaborate dianion
(B12H12%") which show high ion conductivity. Nido (nest-life) boranes have one missing vertice
from a perfect polyhedron and have the formula B,Hn+4, nido-undecaborate anion (B11H147) is
a widely used starting material for the synthesis of many substituted borates. Arachno (web-
life) boranes are missing two vertices and hypho boranes are missing three, however they are

only found in adducts and do not have any stable compounds by themselves.

.......

Closo- Nido- Arachno- Hypho-

Figure 1.6. Wade’s Rules using B1;H1,% as the closo compound. Note — these examples have been
used to show the structure and are not necessarily stable in nature.
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1.7 Substituted Cluster Boron Compounds

1.7.1 Carborane

Substituted cluster boron compounds involve introducing one or more heteroatoms into the
boron cage, usually to make a closo structure, although nido structure like nido-7,9-C2BoH1y"
are also known.®8 The dodecahydrido-closo-carbadodecaborane anion (CBiiHi2?), or
carborane for short, is greatly researched with many different synthetic routes being
proposed.388%0 The carborane is analogous to the B12H1,% anion, however, a single B-H unit
has been replaced with a C-H unit, reducing the overall charge of the anion because the of
the addition proton (+1 charge) in a carbon atom in comparison to boron. Most of the
syntheses for CB11H12™ start from BigH1a which is extremely toxic, however, a safe, cheaper
synthesis has been developed by Berger et. al. 3 This synthesis starts from NaBHs via
MesNHB11H14 using common laboratory reagents, for example, sodium hydroxide and
potassium carbonate and using solvents, such as diethylene glycol dimethyl ether (diglyme)

and tetrahydrofuran (THF).

The insertion of a heteroatom removes a degree of symmetry within the carborane anion in
comparison with the unsubstituted Bi2Hi,?>" dianion. This greatly improves the ion
conductivity of the lithium and sodium salts of the carborane due to beneficial phase
transitions and molecular dynamics (paddle-wheel) leading to improved conductivity.*®
Furthermore, these carborane salts undergo a phase transition at ~ 100 °C, which shows
superionic levels of ion conductivity with a maximum of 5 x 10 S cm™ at 160 °C for LiCB11H12
and 2 x 101 S cm™ at 120 °C for NaCB11H12, respectively.®® This compares to 2 x 10* at 180 °C
1x101Scm™at 270 °C for unsubstituted LizB12H12 and NazB12H12.5>%8 In the high temperature
polymorph, cation migration is aided by the internal rotation of the carborane anions as

mentioned above.
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1.7.2 Heavy Metal Substituted Boron Compounds

Carbon is not the only element that has been successfully integrated into boron cage-like
anions. Heavy metals such as lead (Pb) and tin (Sn) have also been inserted into nido cages to
form stable closo 12-vertex structures. The syntheses were published by Chapman et. al. in
1992 and involve the isolation for plumba- and stanna-dodecaborate salts (Bi11H11Pb% and
B11H115n%).°! These salts were only isolated with bulky organic cations such as the
methyltriphenylphosphonium (MePhsP*) and tetramethylammonium (MesN*) cations.
Insertions of other elements such as germanium (BiiH11Ge?), bismuth (Bi11H11Bi?) and

antimony (B11H11Sb) have also been synthesised, again with bulky organic cations.®?

The synthesis for all of these insertions involves trimethylammonium nido-undecaborate
(MesNHB11H14) as the starting material. Each synthesis has slightly different reagents,
however, they all follow the same overriding principles. They treat B11Hi4a™ with a base, to
remove the acidic hydrogen on the cation and also remove hydrogen on the anion to make it
more reactive, and a heavy metal halide (e.g. PbCly). The resulting solution is reacted with a
bulky cation and the product is insoluble in the respective solvents so the salts are able to be
isolated.®>?? Alkali metal salts of these anions have not previously been synthesised, as a

result, the knowledge of these materials is limited.

B11H11Sn? anions have been used as ligands for transition metals used in chemical
catalysis.®®>%* These anions have been shown to be highly labile ligands with the ability to
coordinate to a variety of metals and have been shown to activate the metal complex for
isonitrile insertion and hydroformylation.®> Furthermore, they cause the dimerisation of gold
complexes.”® However, further research in B11H11Pb?, B11H11Sb™ and B11H11Bi- compounds has
not been performed. Consequently, any electrochemical probing has not been performed and
will be the basis of this project. These materials have been chosen for the project due to their
similarity to the mono-carborane (CB11H12") as substituted closo-dodecaborate anions. The
materials probe in this research also contain a dipole and their increased size and therefore
cation-anion size disparity is hoped to show increased performance as possible solid-state ion

conductors.
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1.8 Research Questions, Aims and Objectives

The primary research question is to investigate the proficiency of heavy metal substituted cluster
borate salts as potential solid-state electrolytes. Further questions this thesis will tackle include the
effect of size and polarity of ions on their performance as ion conductors. Furthermore, what is the

effect of the valency of these heavy metal substituted anions on the respective performances.

To address these research questions this thesis will investigate the potential of group 14 and 15 heavy
metal substituted borohydride cluster salts as solid state electrolytes in battery systems using the

following methodology.

e Synthesise a library of plumba- (B11H1:Pb?), stanna- (B11H11Sn?), bisma- (B11H11Bi") and stiba-

closo-dodecaborate (B11H11Sb") salts with different metal cations.

e Characterise the materials using a plethora of spectroscopic techniques such as Nuclear
Magnetic Resonance (NMR), Fourier Transform Infra-red (FTIR), Residual Gas Analysis - Mass

Spectroscopy (RGA-MS) and Differential Scanning Calorimetry (DSC).

® Ascertain the crystal structure of the samples using Synchrotron Radiation X-ray Diffraction
(SR-XRD). In-situ X-ray diffraction will be used to discover any phase changes that occur at

elevated or reduced temperature.

e Measure the performance of the material as potential solid state electrolytes using
Electrochemical Impedance Spectroscopy (EIS) to measure ion conductivity. Other
electrochemical techniques such as cyclic voltammetry (CV) and linear sweep voltammetry

(LSV) will be used to ascertain the oxidative stability of the materials.
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Chapter 2

Experimental




CHAPTER 2 - EXPERIMENTAL

2.1 Chemical Synthesis

2.1.1 Equipment and Materials

All chemical synthesis was performed in a fume hood using a Schlenk line to ensure an inert
argon atmosphere for all samples where necessary. All air sensitive materials were stored in
an argon filled glove box (MBraun, < 0.1 ppm H20, < 0.1 ppm O3) to ensure the preservation
of samples due to the highly hygroscopic nature of the materials produced. All synthesis and
analysis was performed at Curtin University, Perth apart from Synchrotron Radiation — X-Ray

Diffraction, which was conducted at the Australian Synchrotron, Melbourne.

2.1.2 Trimethylammonium nido-undecaborate

Trimethylammonium nido-undecaborate (MesNHB11H14) is the starting chemical for all the
materials further synthesised. It can be produced by the self-condensation of sodium
borohydride (NaBHa4) using 1-bromopentane (CsH11Br) in a diethylene glycol dimethyl ether
(diglyme) solvent. The method used was published by Dunks et al. (detailed below) by first

synthesising the sodium analogue.!

2.1.2.1 Synthesis of sodium nido-undecaborate (NaBi1H14)

This method is adapted from the method shown by Dunks et al.! Sodium borohydride (24.88
g, 65.8 mmol) was added to diglyme (200 mL) in a three necked round bottom flask. The flask
was equipped with a dropping funnel and a mechanical stirrer under an inert argon

atmosphere. The mixture has heated to 110 °C before 1-bromopentane (76 mL, 61.3 mmol)

27



was added dropwise over 4 hours, ensuring the temperature remains between 105 — 120 °C,
which is crucial to avoid the synthesis of unwanted by-products such as BsHs” and BgH14™.2 The
mixture was stirred for 6 hours and then filtered at room temperature in vacuo and washed
with small aliquots of diethyl ether. The filtrate was collected and the solvent removed in
vacuo leaving the sticky yellow solid NaBiiHis.digylme product (14.36 g). This product
contained a large amount of coordinated diglyme deeming the yield was not able to be

accurately determined.

2.1.2.2 Synthesis of trimethylammonium nido-undecaborate (MesNHB;11H14)

NaBiiHia.diglyme (2.04 g, 13.1 mmol) was dissolved in warm milli-Q water (19 mL).
Trimethylamine hydrochloride (2.43 g, 25.4 mmol) was dissolved in water (10 mL) and added
slowly to the borate solution, precipitating into the product as a pale yellow solid. The mixture
was filtered and the filtrate dried in vacuo at 100 °C. This yielded a pale yellow solid product
(0.63 g, 3.3 mmol, 25% yield). This yield was 38% with respect to the initial amount of sodium

borohydride used for the synthesis.

2.1.3 Synthesis of M,B11H11Pb (M = Li, Na, K)

The method was adapted from Chapman et al.?2 (Mes)sNHB11H14 (1.231 g, 6.37 mmol) was
dissolved in aqueous MOH (45 mL, 2M, M = Li, Na, K) before PbCl; (3.713 g, 13.35 mmol) was
added and stirred at room temperature for 4 hours. The grey suspension was filtered and the
filtrate neutralised to pH 7 using HCI (1M). The resulting grey precipitate was filtered, and the
filtrate dried using a rotary evaporator yielding a yellow solid product. The solid was dissolved
in CH3CN (20 mL) to remove the insoluble MCl by-product, filtered and the filtrate dried once
more at 150 °C yielding a pale yellow, highly hygroscopic solid, which was stored under an
inert atmosphere (NaB11H11Pb (0.7752 g, 2.02 mmol, 32% yield) (Li2B11H11Pb — 34% yield,
K2B11H11Pb — 30% yield). 1'B {*H} NMR (128 MHz, CDsCN, ppm) -3.5 (s, 1B), -5.4 (t, Y118-207pb
= 263 Hz, 5B), -10.8 (s, 5B). H {11B} NMR (400 MHz, CDsCN, ppm) 6.7 (s, 1H), 3.0 (s, 5H), 0.9
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(t, 2/*%-2%7p, = 120 Hz, 5B). FTIR (ATR, cm™) 2420 (vs), 1600 (w), 1050 (m), 730 (m), 700 (w),
520 (m).

2.1.3.1 Synthesis of (MePhsP):B11H11Pb

(CH3)3sNHB11H14 (0.271 g, 1.40 mmol) was dissolved in MOH (20 mL, 2M) before PbCl, (1.514
g, 5.45 mmol) was added and stirred at room temperature for 4 hours. The grey suspension
was filtered and the filtrate neutralised to pH 7 using HCI (1M) and filtered in vacuo once
more. MePhsPBr (1.010 g, 2.83 mmol) was dissolved in milli-Q H.0 (10 mL) and added to the
filtrate. A yellow solid precipitate was filtered, washed with milli-Q H,0 (2 x 5 mL), and the
resulting solid dried at 90 °C under vacuum for 4 hours ((MePhsP),B11H11Pb, 0.8664 g, 0.971
mmol, yield 69 %). 1B {*H} NMR (128 MHz, CD3CN, ppm) -3.5 (s, 1B), -5.4 (m, 5B), -10.8 (s,
5B).

2.1.4 Synthesis of Li2B11H11Sn

(Mes)sNHB11H14 (2.600 g, 13.46 mmol) was dissolved in anhydrous tetrahydrofuran (THF, 40
mL) and cooled to 0 °C before n-butyllithium (30 mL) was added dropwise and the solution
stirred for 30 minutes under an inert argon atmosphere. Tin (ll) chloride (3.70 g, 19.51 mmol)
dissolved in THF (30 mL) was added dropwise to the pale yellow solution at room
temperature. The solution turned deep red instantaneously and stirring continued for a
further 4 hours at room temperature. THF was removed using rotary evaporation and the dry
product was dissolved in aqueous lithium hydroxide (1M, 50 mL) to extract the product from
the resulting mixture. The solution was filtered in vacuo and the filtrate neutralised to pH 7
using HCI (1M). The solvent was removed in vacuo and acetonitrile (15 mL) was added to the
resultant solid to aid the removal of the LiCl by-product. The suspension was filtered and the
filtrate was dried in vacuo at 150 °C leaving a pale yellow, highly hygroscopic solid, which was

stored under argon, Li2B11H115n (2.083 g, 7.93 mmol, 59% vyield). 'B {*H} NMR (128 MHz,
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CDsCN) 5.3 (s, 1B), -11.1 (s, 5B), -12.4 (s, 5B). H {*'B} NMR (400 MHz, CDsCN) 2.98 (s, 1H),
1.60 (s, 5H), 0.82 (s, 5B).

2.1.4.1 Synthesis of M2B11H115n (M = Na, K)

Li2B11H11Sn (0.215 g, 0.819 mmol) was dissolved in water (5 mL) and passed through a column
containing Amberlite® IR 120 hydrogen form ion exchange resin. The resulting acidic solution
was treated with the relevant metal hydroxide (NaOH or KOH) until pH 7 was obtained. The
water was removed in vacuo at 150 °C leaving the desired product, Na;B11H11Sn (0.201 g, 84%

yield) or K2B11H11Sn (68% vyield).

2.1.5 Synthesis of LiB11H11Bi

(Me3)sNHB11H14 (0.75 g, 3.88 mmol) was dissolved in anhydrous THF (30 mL) and cooled to 0
°C before n-butyllithium (6 mL) was added dropwise and the solution stirred for 15 minutes
under an inert Ar atmosphere. Bismuth (1) chloride (2.26 g, 7.17 mmol) dissolved in THF (15
mL) was added dropwise to the pale yellow solution at room temperature. The solution
turned black instantaneously and was stirred for a further 15 minutes at room temperature
before being refluxed for 4 hours at 65 °C. Water (4 mL) was added then the solvent was
removed in vacuo. The residues were dissolved in water and the mixture filtered in vacuo and
the resulting yellow liquid was dried in vacuo. The resultant solid was dried in vacuo at 150 °C
leaving a pale yellow, highly hygroscopic solid, which was stored under argon, LiB11H11Bi

(0.677 g, 1.96 mmol, 50 % yield).

2.1.5.1 Synthesis of NaB11H11Bi

LiB11H11Bi (0.282 g, 0.82 mmol) was dissolved in water (6 mL) and passed through a column

containing Amberlite® IR 120 hydrogen form ion exchange resin. The resulting acidic solution
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was treated with the sodium hydroxide until pH 7 was obtained. The water was removed in

vacuo at 150 °C leaving the desired product, Na;B11H11Bi (0.181 g, 61 % yield).

2.1.6 Synthesis of MB11H11Sb (M = Li or Na)

(Mes)sNHB11H14 (0.821 g, 4.25 mmol) was dissolved in anhydrous THF (80 mL) and
triethylamine (2.4 mL) was added before stirring for 15 minutes under an inert Ar
atmosphere. Antimony (lll) chloride (1.21 g, 5.3 mmol) dissolved in THF (15 mL) was added
dropwise to the pale yellow solution at room temperature. The solution turned red
instantaneously, then brown, and was stirred for a further 12 hours at room temperature.
The solvent was removed in vacuo resulting in a brown oil. Lithium or sodium hydroxide (1 M,
20 mL) was added then the solution was heated to 80 °C for 2 hours whilst stirring and the
resultant orange solid was filtered in vacuo. The filtrate was neutralised to pH 7 using HCl and
a yellow solid formed. This was filtered in vacuo and the filtrate dried in vacuo. Acetone (20
mL) was added to the resulting solid and the insoluble LiCl by-product was filtered in vacuo.
The filtrate was dried in vacuo at 80 °C for 5 hours leaving a pale yellow, highly hygroscopic
solid, which was stored under argon, LiB11H11Sb (0.174 g, 0.67 mmol, 16 % yield), NaB11H11Sb
(0.280 g, 1.02 mmol, 24 % yield).

2.2 List of Chemicals

Table 2.1. List of chemicals used in this project.

Chemical Name Formula Purity % State Supplier
1-bromopentane CsH11Br 98 Liquid Merck
Acetone CHsC(O)CHs - - Unilab
Acetonitrile CHsCN - Anhydrous Merck

Amberlyte® IR120 hydrogen
- - Beads Merck
ion exchange resin
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Antimony (lll) chloride SbCls 98 Anhydrous Merck
Argon Ar 99.997 Gas Coregas
Bismuth (l11) chloride BiCls 98 Anhydrous Merck
Deionised (milli-Q) water H.0 18 MQcm Liquid
Acetonitrile-ds CDsCN 99.8 Liquid Merck
Dimethylsulfoxide-ds (CD3).SO 99.9 Liquid Merck
Water-d, D,0 99.9 Liquid Merck
Diethyl ether Et,O 99.7 Liquid Merck
Diglyme (diethylene glycol
CeH1405 99.5 Anhydrous Merck
dimethyl ether)

Gold foil Au 99.95 Foil, 0.1 mm Merck
Hydrochloric acid HCI 37 Liquid Scharlau
Lead (lI) chloride PbCl, 98 Anhydrous Merck
Lithium hydroxide LiOH 98 Powder Alfa Aeser

Methyltriphenylphosponium
MePhsPBr 98 Powder Merck
bromide
2.5Min
n-butyllithium NCyHoli - Merck
hexane

Platinum Pt 99.99 Foil, 0.1 mm Merck

Potassium hydroxide KOH > 85 Powder Merck
Sodium borohydride NaBH,4 99 Powder Merck
Sodium hydroxide NaOH 98 Pellets Merck
Super P conductive carbon C >99 Powder Merck
Anhydrous

Tetrahydrofuran C4HsO 99 (with 250 ppm Merck

BHT inhibitor)
Tin (Il) chloride SnCl, 98 Anhydrous Merck
Triethylamine EtsN 99.5 Liquid Merck
Trimethylamine hydrochloride MesNeHCl 99 Solid Merck
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2.3 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance spectroscopy (NMR) is a technique that gathers information on
the presence of a particular element within a material and also the chemical environment of
these particular atoms within the molecular structure. In NMR, the nuclear spin of an atom
interacts with an electric or magnetic field, which increases the energy of the nuclear spin.
When this relaxes, the energy is released as a radio wave and is detected.? This is only possible
for nuclei with a spin, /, of greater than zero and these nuclei are said to be “NMR active”.
Each NMR active element gives off its own characteristic frequency so different elements can

be probed by detecting different frequencies.

This project used traditional liquid-phase NMR, which comprised of solid samples being
dissolved in solvents before being probed. This is vital as probing in the solid state can lead to
anisotropic interactions between the molecules, for example, dipolar coupling which leads to
peak broadening and thus losing vital resolution in the data. In the liquid state, the molecules
are free to move and rotate, meaning that there is no net orientation.>* The peak positions
are determined by the shielding of respective nuclei within the molecule.? The amount of
shielding a nucleus has depends on neighbouring atoms and, as a result, the electron density
around the atom. This slightly changes the frequency of the signal that is omitted, thus seeing
a different peak position on the resulting spectrum. Traditionally, NMR spectra are reported
against a known standard (*H NMR = tetramethylsilane (TMS), 1B NMR = trifluoroborane
diethyl ether) and this corresponds to a chemical shift: 6 = 0 ppm. Chemical shift = Change in

frequency / Frequency of the spectrometer.

In this project, B and 'H nuclei were probed using a Bruker Avance IIl 400 MHz spectrometer
(128.1 MHz used for 1'B experiments). As these nuclei, along with other elements studied in
this project, for example Pb and Sn, are NMR active each signal is split by coupling with the
spin of NMR active neighbouring elements. This phenomenon only occurs when coupling with
different elements and does not occur for coupling between identical elements. The quantity

of peaks seen are governed by equation 4.1.
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Number of Peaks =2 XN XI+1
N = number of neighbouring atoms
I = Nuclear Spin of neighbouring atoms

For example, in !B NMR, a boron atom bonded to a hydrogen atom (/ = %) would show a
doublet (2 peaks) as 2 x 1 x %2 + 1 = 2. However, coupling to different nuclei can be avoided by
probing the materials with a small frequency range or specific frequency. This eliminates this
splitting effect and shows just single peaks per chemical environment within the sample. This
is particularly important for elucidating the exact chemical shift of the signal and furthermore

to help distinguish overlapping signals with similar chemical shifts.

2.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique that allows
functional groups within molecular solids and liquids to be identified. The sample is
bombarded with multi frequency infrared radiation and the energy that is
absorbed/transmitted is measured. Chemical bonds in the material absorb distinct
frequencies of energy and as a result can be characterised by the absorption at respective

frequencies.

For a bond to be “IR active” and absorb infrared radiation then it must undergo a change in
dipole moment. Consequently, in a ground state the bond in question must have a dipole
moment and therefore be a polar bond. Homonuclear single bonds are therefore not active
and will show not infrared absorption. Homonuclear pi bonds can be IR active if the
substituents of the two atoms in the bonds are not equal. As a result, carbon-carbon double

bonds can be identified using FTIR spectroscopy.

In this project, samples were analysed using a Thermo Fisher Nicolet Summit spectrometer
with an Attenuated Total Reflected (ATR) module with a diamond crystal. Samples (as a
powder) were exposed to a minimal amount of air (~ 2 secs) when conducting the

experiments. This was unavoidable due to the location of the spectrometer in air. Reflection

34



ATR was used to measure the samples directly to avoid mixing with a salt or dissolving within

a solvent.

2.5 Raman Spectroscopy

Raman Spectroscopy is a vibrational spectroscopic technique similar to FTIR spectroscopy. It
is also used to determine the vibrational modes of a molecule. This allows functional groups
within a material to be determined which helps with phase identification. For a specific
vibration to be “Raman-active” there must be a change in polarisability caused by the
vibration. These vibrations tend to be IR inactive in nature so a mixture of techniques can be

used to gain more knowledge about the bonding within a molecule.

This technique is based on the scattering of light in the near infrared or visible light region by
the vibration of bonds within a molecule at specific energy levels. The energy from the light
source excites the molecule to a higher energy level. Upon relaxation, energy is released as
photons in both elastic (Rayleigh scattering) and inelastic (Stokes or anti-Stokes) modes.
Raman spectroscopy uses the inelastic scattering and these photons are detected and results

are produced as a change in wavenumber (cm™) from the incident beam.

In this project, Raman spectroscopy was performed using a WITec Alpha 300 SAR confocal
Raman microscope with a 532 nm green light excitation wavelength and 600 grating/mm.
Samples were prepared by packing powder into a 1 mm wide borosilicate capillaries in an
argon filled glovebox, then flame sealed to ensure no exposure to air and moisture which
would degrade the samples. Spectra were collected using 100 accumulations with an
integration time of 400 ms and data processing was performed using Project 4 (WITec)
software, which includes background subtraction. Data was acquired with assistance of Dr

Thomas Becker at Curtin University.
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2.6 X-Ray Diffraction

X-Ray Diffraction (XRD) is an extremely powerful tool for characterising crystalline solid state
materials and provides information about the composition and size of the unit cell.> A unit
cell is the minimum repeating unit within the crystal structure that is repeated throughout
the lattice. Diffraction patterns are characteristic for each compound, due to the
characteristic nature of each compound’s unit cell and the atoms within. In powder XRD, the
sample is ground into a fine powder to reduce the preferential orientation of the crystals in
the powder to ensure accurate intensities for each peak in the diffraction pattern.® Single
crystal XRD is also available, however this was not possible to be used in this project due to
single crystals of the materials being extremely difficult to grow. Preferential orientation
reduces the intensity for some diffraction reflections but techniques can avoid preferential

orientation, including rotating the sample during data collection.

Monochromatic X-rays are fired at the sample and these rays are scattered in all directions
but are constructively reinforced when Bragg’s Law (Figure 2.1) is satisfied (Equation 2.1).
When the X-rays pass through the sample, they are diffracted by the atoms within the crystal
structure, which acts as a diffraction grating. This leads to areas of constructive and
deconstructive interference, which manifests itself as areas of high and low intensity in the
resulting diffraction pattern. These photons are picked up by a detector that shows the angle
at which the X-rays have been diffracted by the sample. X-rays are used because they have a
wavelength of ~ 0.5 — 2.5 A, which is in the order of interatomic distances within a crystal.
Monochromatic waves are used to keep the wavelength constant so that only the incident
angle (9) between the X-Ray source and diffraction plane and the distance between

diffraction planes (d) differ.
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niA = 2dsin6 (2.1)
n = integer

A =Incident Wavelength

d = Distance between diffraction planes

U = Incident Angle

Q

&
\:/ dsin@

Figure 2.1. Depiction of Bragg’s Law.

In this project, synchrotron radiation was used as this gives high intensity X-rays, which
provides high resolution and low signal-to-noise. Furthermore, it allowed the rapid acquisition

of data and in-situ data while ramping the temperature of the sample.

In this project, in situ data was collected on the powder diffraction beamline at the Australian
Synchrotron using a Mythen-Il strip detector using two wavelengths, 0.59096(1) A and
0.825040(5) A. All samples were ground into a fine powder and packing into a borosilicate
capillary (inner diameter — 0.7 mm) under an argon atmosphere then flame sealed to prevent
any exposure to air or moisture. The samples were heated using a hot air blower to a variety
of temperatures depending on the material at 6 °C min-t. The X-ray wavelength was calibrated
using a LaBs standard (NIST 660b) and sample temperatures were calibrated against the
known lattice parameters of silver and sodium chloride as a function of temperature.’

Crystallographic indexing was performed in Topas v.5 (Bruker, Germany), peaks were indexed
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using an indexing phase, then matched against all space groups with known impurities added.
Ex situ data was performed using a Bruker D8 Advance diffractometer equipped with a copper
X-ray source Cu Kq1 radiation, A = 1.540593 A, Cu Kqz radiation, A = 1.544414 A and a Lynxeye
PSD detector in Bragg-Brentano geometry. Data were collected in the 26 range from 5° to
80° with a step size of 0.02°. Powder samples were prepared into a flat-plate in an argon filled
glovebox and the packed material was covered with a MYLAR® film and sealed with grease to

prevent contact with air and moisture.
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Figure 2.2. Le Bail fit of LiB1;H11Pb with known LiCl impurity and an unknown impurity, performed in

Topas. Space Group — 102, lattice parameter—a=b =6.99 A, c = 10.39 A.

2.7 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique that allows the morphology of a sample
to be imaged by bombarding the sample with high energy electrons and measuring the
resulting secondary or backscattered electron emitted as a result. In this project, a Zeiss Neon

40EsB scanning electron microscope was used to collect high resolution surface images.

SEM allows the surface of a sample to be captured at micron scale and therefore particle

details such as size and shape can be captured and determined. Firstly, a filament is used to
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generate electrons that are then bundled into a beam and focussed onto the surface of the
sample. These electrons are accelerated and fired at the sample, which causes secondary and
backscattered electrons to be emitted and are collected by a detector. The energy of the
electrons can be tuned between 0.5 —30 kV depending on the aim of the experiment to gather
the best morphological information with a lower voltage showing a higher resolution but

higher voltages resulting in a stronger signal.

In this project, all samples were prepared in an argon filled glovebox. Powder samples were
loaded on carbon tape mounted on an aluminium stub. Samples were covered in a custom
made air sealed container then placed inside the air free atmosphere SEM, preventing air
exposure. All images were produced using backscattered electrons as this gave the best
images with the samples and was conducted in conjunction with Energy Dispersive X-Ray
analysis. The acceleration voltage used was 20 kV at a working distance of 7 mm and an

aperture size of 60 mm.

Emitted X-rays

Secondary
electrons

Accelerated

electrons
Backscatter

electrons

Figure 2.3. Depicting the generation of emitted electrons and X-rays detected by a Scanning Electron

Microscope (SEM) and an Energy Dispersive X-Ray Spectrometer (EDS).
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2.8 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) is an elemental analysis tool used to determine
the presence of an element and the chemical composition of a sample. It uses the same
scanning electron microscope as the SEM images used in the thesis, however a separate
detector detecting X-rays is used. High energy electrons (at approximately 20 kV) were
bombarded at the sample and beam electrons can eject a core electron from a low-lying
energy level creating a core hole. Once such a hole is created, an electron from a higher shell
can relax into the lower energy state. This process leads to emission an X-ray with the same
energy as the difference between the two respective energy levels. Each element has
characteristic binding energies for its electrons, the energy of this X-ray can be matched to a
distinct transition between energy levels in a specific element. The intensity of these X-rays
measured by the detector can also give information about the relative abundancies of these
elements within the sample, as a result, quantitative measurements can be performed,
however are often inaccurate unless flat samples and standards are used to calibrate the
signals. This allows the composition of the compound to be determined. However, a drawback
to this technique is that it is difficult to detect lighter elements due to the low energy gap
between energy levels. Lighter elements than boron do not have a sufficient energy gap
between its outer electrons and a core hole to be detected. To detect these elements, other
techniques such as NMR, ICP-OES or MS can be used. In this project, the Aztec software was

used alongside the Zeiss Neon 40EsB scanning electron microscope.

2.9 Differential Scanning Calorimetry — Thermographic Analysis

Differential scanning calorimetry (DSC) is a technique used to determine the temperature and
energy of phase changes and other thermodynamic events of materials. DSC measures the
changes in heat flow in a material, which are exothermic and endothermic events, caused by
physical or chemical changes in a sample. This allows phase transition temperatures to be

determined from a variety of events, for example, melting, crystallisation or polymorphic
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transitions. Thermogravimetric Analysis (TGA) can be conducted simultaneously with DSC and
measures the change in mass of a sample as a function of temperature. This allows any mass

loss due to the evolution of gases to be quantified.

In this project, DSC-TGA data was collected using a NETZSCH STA 449 F3 Jupiter paired with a
Pt furnace. The temperature was ramped at 10 °C min™! under a constant argon flow of 40 mL
mint. The final temperature reached for each sample was determined based on the material
itself. The temperature and sensitivity of the DSC-TGA was calibrated using In, Zn, Sn, Bi, and
CsCl reference materials, resulting in a temperature accuracy of £ 0.2 °C. All samples were
prepared in an argon filled glovebox to prevent contamination. Samples weighing ~4 mg were
sealed in an aluminium crucible with a pinhole pierced in the top, immediately prior to
applying a vacuum to the crucible in the DSC-TGA, to allow the escape of any gases evolved
during measurement. This also removed air and moisture from the furnace allowing an

accurate analysis of the samples.

2.10 Residual Gas Analysis — Mass Spectroscopy

Residual Gas Analysis — Mass Spectroscopy (RGA-MS) is a technique which allows the
determination of gases evolved as a material is heated in a vacuum. This technique was used
to determine any coordinated solvents, which can be identified upon evolution along with
any gaseous thermal decomposition products of the material. An RGA-MS (Stanford Research
systems, SRS, RGA-300) equipped with a quadrupole probe was used with a vacuum pressure
of ~ 107 mbar. Data was collected as an intensity of different masses of gases hitting the
detector up to a maximum mass on charge (m/z) ratio of 65. Samples (~ 10 mg) were placed
in stainless steel Swagelok reactors with a gas filter (to allow gases but not solids to pass
through) in an argon filled glovebox. The reactor was heated in a tube furnace from 25 - 500

°C at 10 °C min™L.
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2.11 Temperature Programmed Photographic Analysis

Temperature programmed photographic analysis (TPPA) is a technique where the physical
appearance of a compound can be monitored and visualised as a function of temperature.?
Samples were pressed into a 6 mm diameter pellet with a thickness of approximately 1 mm
under a pressure of 350 MPa in an argon filled glovebox. The pellets were placed in a
borosilicate test tube fitted with a rubber septum and an argon filled balloon to maintain the
argon atmosphere and prevent pressure build up. Temperature was heated to 325 °Cat 4 °C
min-! using an Omega CSi8D series benchtop controller attached to a brass heating block. The
temperature was measured using a K-type thermocouple and videos were recorded using a

Celestron 5 MP digital microscope pro.

2.12 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique used to measure the ion
conductivity of a material.’ In impedance spectroscopy, a sinusoidal perturbation voltage, E(t)
is applied to a system that results in a linear current density, j(t) which shares the frequency

of the input voltage. The ratio of these quantities in the impedance, Z(t).

O]
z(t) = 25 (2.2)

This is potentiostatic EIS (PEIS) and by varying the frequency, processes at different timescales

can be determined. lon migration can occur at higher frequencies, whereas diffusion is more

prevalent at lower frequencies.
The input voltage E(t) can be written as
E(t) = |AE|sin(wt) (2.3)
|AE| = peak voltage amplitude

w = angular frequency
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t=time
The current response j(t) is known as
j(t) = |Aj| sin(wt + At) (2.4)
|Aj| = current density amplitude
At = phase difference

The component (wt + At) is the phase angle and can be written as, ¢. As the quantities E(t)
and j(t) contain magnitude and phase information, they can be written as complex number

having both real (Zre) and imaginary (Zim) components.

1Z(w)| = yRe (Z(w))? + Im (Z(w))? (2.5)

Equation 2.6 can be visualised using a Nyquist plot (Figure 2.4b), which plots Z.. and Zim on
the x and y coordinates, respectively. These plots of a symmetrical cell with ion blocking
electrodes (gold in this project) (Au|electrolyte|Au) show a semi-circle followed by a 45° line
known as the Warburg impedance. R1 is the offset from the y-axis where the semicircle
begins, as seen in Figure 2.3a, and comes from the resistance from the connections and wiring
and R2 signifies the resistance within the electrolyte itself. The intercept of the semi-circle
with the Warburg impedance signifies the total resistance of the cell, which is used to
measure the ion conductivity of the material at a given temperature. The total resistance, Rt

=R1 + R2, can be used to measure the ion conductivity using equation 4.6.
o= — (2.6)

o = ion conductivity (S cm™)
d = pellet thickness (cm)

Rr = total resistance (Q)

A = pellet area (cm?)

In this project, EIS was measured using a ZIVE SP1 instrument. Materials were prepared within
an argon filled glovebox and powder samples were pressed into a pellet of thickness ~ 1 mm

(measured using a micrometre to ascertain a more accurate thickness) and diameter 6 mm
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by applying a pressure of 9800 N (350 MPa) for 60 seconds. The resulting pellet was placed
between two gold wafers (thickness — 0.1 mm) and placed within a spring-loaded Teflon
sample cell with stainless steel electrodes, sealed with o-rings to prevent contamination with

air and moisture. The data were collected using 50 mV AC voltage with a frequency range 1

MHz - 10 Hz.
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Figure 2.4a. Plot showing the relationship between the input voltage, E(t) and output current, j(t)
which results in impedance. Figure 2.4b. Example Nyquist plot showing the initial semi-circle and

Warburg impedance and an example cell used to measure this parameter.
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2.13 Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a technique that can be used to elucidate the oxidative
stability of a material.’® This gives information on the working voltages at which the materials
can be used before irreversible oxidative decomposition. For materials to be used as potential
solid-state electrolytes they should have a large operating window with a high oxidative
stability.!! Above the oxidative stability limit the samples oxidise which can render the surface
or bulk of the material ineffective for ionic conduction. LSV is the premier technique to
determine this limit with borohydride salts as other techniques, such as cyclic voltammetry
(CV) can overestimate the stability limit due to the scan rate. Scanning at a slow rate (50 uV
s1) allows the kinetically slow oxidation rate to be more accurately determined near its
thermodynamic point, and also mixing the electrolyte with conductive carbon increases the

contact surface area, thus improving the kinetics of the measurement.

In this project, the method used followed that proposed by Han et al. and Asakura et al.19!
The materials were mixed with graphite, previously heated to 550 °C under vacuum for 12 h,
to remove moisture, in a ratio of 75:25 by mass, grinding 5 times with a pestle and mortar. 40
mg of sample was layered with 3 mg of the sample + graphite (C) mixture. This was pressed
at 19600 N (693.2 MPa) in an inert argon atmosphere to form a two layered pellet. This was
used to form an Al/Pt/Sample+C/Sample/Li cell and sealed in an airtight Teflon cell with
stainless steel electrodes. LSV was performed twice on the same cell at 60 °C (elevated
temperature used to improve ion conductivity thus producing more representative results)
with a scan rate of 50 pV s™*. The voltage range probed was different from sample to sample
depending on the open circuit voltage of the material which is the starting point of the scan.
The oxidative stability of the material vs. Li*/Li was determined from the intersection point of

two linear lines with R? > 0.99 (the background and the oxidative current).!
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2.14 Computational Studies

Computational studies were used to give extra information about the ions synthetised in this
project. They were used to predict the atomic coordinates of the respective anions and the
electrostatic potential (ESP) surfaces, which provides information on the charge distribution
within an anion. The calculations were performed using Density Functional Theory (DFT) with
a B3LYP functional and a LANL2MB basis set.'2714 This basis set was used to be able to compute
the large number of electrons found in the heavy metals in the anions.?™1* The calculations
optimised the anion geometry and energy using the Gaussian GO9W software energy.'> ESP
surfaces were plotted using a total density cube and a mapped surface with an isovalue of
0.008 electrons bohr? (5.40 x 10% electrons m3). The electrostatic potentials were mapped

in atomic units (au) - 1 au = 2.625 MJ mol™.

46



2.15 References

10

11

12

13

14

15

G. B. Dunks, K. Barker, E. Hedaya, C. Hefner, K. Palmer-Ordonez and P. Remec, Inorg.
Chem., 1981, 20, 1692-1697.

R. W. Chapman, J. G. Kester, K. Folting, W. E. Streib and L. J. Todd, Inorg. Chem., 1992,
31, 979-983.

H. Glinther, NMR Spectroscopy: Basic Principles, Concepts and Applications in
Chemistry, Wiley-VCH, Siegen, 3rd edn., 2013.

a. Laws, David D., Bitter, H.L., Jerschow, Angew. Chem. Int. Ed. Engl., 2002, 41, 3096—
3129.

L. D. Whittig and W. R. Allardice, in Methods of Soil Analysis, Part 1. Physical and
Mineralogical Methods-Agronomy, ed. A. Klute, American Society of Agronomy-Soil

Science Society of America, Madison, 2nd edn., 1986, pp. 331-362.
C. F. Holder and R. E. Schaak, ACS Nano, 2019, 13, 7359-7365.
I. K. Suh, H. Ohta and Y. Waseda, J. Mater. Sci., 1988, 23, 757-760.

M. Paskevicius, M. B. Ley, D. A. Sheppard, T. R. Jensen and C. E. Buckley, Phys. Chem.
Chem. Phys., 2013, 15, 19774-19789.

P. Vadhva, J. Hu, M. J. Johnson, R. Stocker, M. Braglia, D. J. L. Brett and A. J. E. Rettie,
ChemElectroChem, 2021, 8, 1930-1947.

F. Han, Y. Zhu, X. He, Y. Mo and C. Wang, Adv. Energy Mater., 2016, 6, 1-9.

R. Asakura, L. Duchéne, R. S. Kiihnel, A. Remhof, H. Hagemann and C. Battaglia, ACS
Appl. Energy Mater., 2019, 2, 6924-6930.

W. R. Wadt and P. J. Hay, J. Chem. Phys., 1985, 82, 284—-298.
P.J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270-283.
P.J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299-310.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.

47



Scalmani, V. Barone, G. A. Petersson, H. Nakatsuiji, X. Li, M. Caricato, A. V. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, Williams, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W.
Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery Jr., J. E. Peralta, F.
Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A.
Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S.
lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W.
Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox, Gaussian

09, Revis. A. 02, 2009.

48



Chapter 3

Investigating the potential of alkali metal
plumba-closo-dodecaborate (B1:H11Pb?)

salts as solid-state battery electrolytes

Thomas A. Hales, Kasper T. Mgller, Terry D. Humphries, Anita M.
D’Angelo, Craig E. Buckley, Mark Paskevicius, J. Phys. Chem. C, 2023,
127, 949-957.

49



CHAPTER 3 - INVESTIGATING THE POTENTIAL OF ALKALI METAL
PLUMBA-CLOSO-DODECABORATE (B11H11Pb?") SALTS AS SOLID-
STATE BATTERY ELECTROLYTES

3.1 Abstract

Metal dodecaborate salts have been identified as a new class of ion conductor that are highly
tuneable. A [B-H] unit within the dodecaborate anion can be replaced with a Pb atom to
create a dipole and anisotropy within the anion to tune the crystal structure of alkali metal
salts, enhancing ion conductivity for solid-state electrolyte (SSE) applications in batteries.
Li>B11H11Pb-xH20 shows superionic conductivity up to ~ 7 mS cm™ at 120 °C, proving it
comparable to state-of-the-art LiCB11H12 at these temperatures. Dehydration of the Li-salt
occurs above 120 °C causing changes in the crystal structure and a decrease in the ion
conductivity. NazB11H11Pb-xH20 shows modest ion conductivity (0.01 mS cm™ at 170 °C),
whereas the potassium salt shows conductivities below 1 x 10 mS cm™. The B11H11Pb?"
analogues are proposed to be inferior ion conductors to the CB11H1,™ varieties due to the
divalent B11H11Pb?™ anion causing stronger bonding between the cation and anion, possibly
higher energy required to move from position to position within the crystal structure. Despite
this, the insertion of a lead atom into the dodecaborate cage improves the ion conductivity

in comparison to the pristine dodecaborate anion.

3.2 Introduction

Batteries are becoming more prevalent as large-scale energy storage devices due to the
increased use of intermittent energy sources including wind and solar. Classical lithium ion
batteries contain three main components; a lithium-doped metal oxide cathode (e.g. CoOs),
a graphite anode, and a liquid electrolyte such as LiPFs in an organic solvent (e.g. ethylene
carbonate).! Due to the fluidic nature of liquid electrolytes they have high ion conductivity

but the organic solvents are prone to leakage and are often volatile and flammable.?
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Furthermore, the temperature range in which these solvents are in a liquid state is limited
(e.g. =20 — 60 °C) so there are freezing and evaporation risks.> To counteract these
drawbacks, and assess alternate battery chemistries, investigations into solid-state
electrolytes have recently been revived. Inorganic solids have been known to be good ion
conductors since the 19%™ century, however, it is only recently that they have come to
prevalence due to the search for alternatives to traditional liquid electrolytes in battery
applications.® Studies have shown that solid electrolytes can be more effective due to the

possibility for higher power densities.’

Boranes have been known for over 100 years since their discovery by Alfred Stock in 1912 and
exist from the simplest BH3 molecule to larger polyhedral borane cages,® such as the closo-
dodecaborate [B12H12]>” dianion. A major characteristic of boranes is their electron deficient
nature and also 3-centre 2-electron bonding with bridging hydride for molecules with multiple
boron atoms, where these factors help define much of the chemistry in which boranes

partake.>! This allows the formation of highly stable multi-vertex borane cages.

One borate of particular interest is the closo-dodecaborate dianion [B12H12]%~ that has an
icosahedral structure with a high degree of symmetry, where metal salts of this anion have
shown to have high ion conductivity of the cation.'*'? Substituting a boron atom with a
carbon forms a 12-vertex monocarborate anion [CB11H12]~, which reduces the charge of the
anion to monovalent, due to the extra proton in the carbon atom. The asymmetry also creates
a dipole within the anion due to the difference in electronegativity between the respective
elements.’>14 The ion conductivity of [CB11H12]™ salts is higher than their borate analogues at
lower temperatures,'? partly hypothesised to be due to the reorientational motion of the
asymmetric anion.' Despite the promising ion conductivity of [CB11H12] salts, there has been
little research into the ion conductivity by incorporating other group 14 heteroatoms into the

12-vertex borate cage.
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Replacing a [B-H] unit in the [B12H12]%> structure with a Pb atom maintains the =2 charge on
the anion and also produces a dipole within the molecule. Pb has a larger atomic radius (2.49
R) compared to C (1.90 A) and significantly changes the charge distribution in the anion.®
Thus, it is postulated that the structural and electronic changes to the anion could affect the
ion conductivity of alkali metal salts of plumba-closo-dodecaborates, which may allow them
to be used as SSEs in battery applications. The synthesis of B11H11Pb?~ was reported in 1992,
where Chapman et. al. published a method where trimethylammonium nido-undecaborate
((CH3)3sNHB11H14) was reacted with lead(ll) chloride in basic conditions at room temperature.'’
Despite the toxicity of PbCly, this synthetic method does not require any additional or extreme

conditions so it is a preferential route.*®

This paper focuses on the synthesis and characterisation of alkali metal salts of the plumba-
closo-dodecaborate dianion (B11H11Pb?") and their use as prospective solid-state electrolytes.
The substitution of a carbon atom for a boron atom, the lightest group 14 element, has been
proven to improve ion conductivity. As such, substituting with other group 14 elements may
also demonstrate improved ion conductivity. Lead is already widely used in Pb-acid batteries
and due to the full solid-state nature of the cell, the battery is easier to dispose of and spill
risk is eradicated, as a result, the risk of lead poisoning is lower than current lead containing

batteries.?®

3.3 Experimental

3.3.1 Materials and Methods

Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker AVANCE 111 400
MHz spectrometer (128.4 MHz for 11B) with proton decoupled spectra referenced to BFs-OEts.
There is a pronounced background signal in 1B spectra due to the presence of borosilicate

probe coil inserts in the instrument. An 1B background scan is shown in Figure Al. Fourier
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Transform Infrared Attenuated Total Reflectance (FTIR-ATR) spectroscopy using a diamond
crystal was performed on all samples on a ThermoFisher Nicolet Summit FTIR Spectrometer.
Due to the hygroscopic nature of the compounds, air exposure was minimised to ~ 2 seconds.
Each sample was measured from 400 — 4000 cm™ and averaged over 16 scans. Differential
scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) were performed using a
Netzsch STA 449 F3 Jupiter apparatus. The samples (~4 mg) were placed in a sealed
aluminium crucible and heated from 40 to 400 °C (10 °C min ) in an argon flow of 40 mL
min~L. The temperature and sensitivity of the DSC was calibrated using In, Zn, Sn, Bi, and CsCl
reference materials, resulting in a temperature accuracy of £ 0.2 °C, while the balance has an
accuracy of + 20 ug. Residual Gas Analysis — Mass Spectroscopy (RGA) was performed on all
samples by adding ~ 10 mg to a sealed Swagelok reactor. The reactor was then placed under
vacuum and heated at 5 °C min~ from 25 °C to 350 °C. The residual gases evolved from the

heating were measured using an RGAPro-2500 (Hy-Energy LLC).

Temperature Programmed Photographic Analysis (TPPA) was performed on the samples by
pressing the compounds into pellets (Diameter - 6 mm, Thickness — 1 mm, Pressure — 9800 N
(346.6 MPa)) in an inert argon atmosphere. The pellet was placed within a sealed test tube
filled with argon gas. The test tube was placed within an aluminium block, which is heated by
resistive heating at a rate of 10 °C min~! until 350 °C. The pellet was recorded using a camera

to elucidate any physical changes through the heating process.

Electrochemical Impedance Spectroscopy (EIS) was measured using a ZIVE SP1 instrument.
The compounds were pressed into pellets, with a diameter of 6 mm and thickness of ~ 1 mm,
by applying a pressure of 9800 N (346.6 MPa) in an inert argon atmosphere. A pellet was
placed between 2 gold wafers (0.1 mm thickness) and loaded into Teflon sealed sample cells
with stainless steel electrodes, which was sealed to maintain an inert atmosphere throughout
the test. The data was collected using AC voltage from 1 MHz to 10 Hz. To elucidate the ion
conductivity (o) from the data, the x-intercept (Rreal) of the Nyquist plot was determined using

a known literature method, see Figure A2. !
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Linear Sweep Voltammetry (LSV) was performed to determine the oxidative stability limit of
the sample against Li metal. The method used was based on a method proposed by Han et.
al. and Asakura et. al.?®?! Li;B11H11Pb-xH,O was mixed with graphite (Sigma Aldrich),
previously heated to 550 °C under vacuum for 12 h, in a weight ratio of 75:25 by grinding 5
times with a mortar and pestle. 3 mg of the mixture was layered on top of 40 mg of pure
sample and pressed together at 19600 N (693.2 MPa) in an inert argon atmosphere to form a
two layered pellet. This pellet was sandwiched to form an Al/Pt/Sample+C/Sample/Li
configuration, which was sealed within an air tight Teflon cell. LSV was conducted twice at 60
°C with a scan rate of 50 uV s from 1 V to 5.2 V. The oxidative stability of the material vs
Li*/Li was determined from the intersection point of two linear lines with R > 0.99 (the

background and the oxidative current).?!

In situ and ex situ Synchrotron Radiation — X-Ray Diffraction (SR-XRD) data were collected on
the powder diffraction (PD) beamline at the Australian Synchrotron using a Mythen strip
detector with at a scan rate of 30 secs scan™! using a wavelength of 0.590958(5) A, refined
using NIST LaBs 660b.2% All samples were packed in borosilicate capillaries (outer diameter —
0.7mm) and sealed to ensure an argon atmosphere. The samples were heated to 600 K using
a hot air blower at 5 °C min™. Sample temperatures were calibrated against the known lattice
parameter of silver as a function of temperature.? Crystallographic indexing was performed

in Topas v.5 (Bruker, Germany).

Density Functional Theory (DFT) was performed using the B3LYP hybrid functional with a
LanL2MB basis set, in order to be able to compute the large number of electrons in the Pb
atom.?*26 The calculations were performed using the software Gaussian GOOW optimising
geometry and anion energy.?’ Electrostatic Potential (ESP) surfaces were mapped at an

isovalue of 5.40 x 10%° electrons m~3.
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3.3.2 Materials

Lithium hydroxide (98%, —-4+14 mesh, anhydrous, Alfa Aesar), anhydrous sodium hydroxide
(reagent grade, 298%, pellets, Sigma-Aldrich), potassium hydroxide (technical, 285% powder,
Sigma-Aldrich), lead (Il) chloride (98%, Sigma-Aldrich), hydrochloric acid (37%, Fisher), nitric
acid (70%, Sigma-Aldrich), methyltriphenylphosponium bromide (98%, Sigma-Aldrich) were
all used as purchased or diluted to desired concentrations using Milli-Q water. (CHz)sNHB11H14
was prepared using the method of Dunks et. al. from sodium borohydride (98% (0.5% MgCOs)
Sigma-Aldrich) and 1-bromopentane (98%, Sigma-Aldrich) in diglyme (99.5%, anhydrous,
Sigma-Aldrich).?8 The synthesis involves dissolving sodium borohydride in diglyme and
heating with added 1-bromopentane to 105 °C for 4h. All samples were prepared in air but

were stored in a glove box under an inert argon atmosphere.

3.3.3 Synthetic Procedures

3.3.3.1 Synthesis of M2B11H11Pb (M = Li, Na, K)

The method was adapted from Chapman et. al.'” (CH3)sNHB11H14 (1.231 g, 6.37 mmol) was
dissolved in aqueous MOH (45 mL, 2M, M = Li, Na, K) before PbCl; (3.713 g, 13.35 mmol) was
added and stirred at room temperature for 4 hours. The grey suspension was filtered and the
filtrate neutralised to pH 7 using HCI (1M). The resulting grey precipitate was filtered, and the
filtrate dried using a rotary evaporator leaving a yellow solid product. The solid was dissolved
in CH3CN (20 mL), to remove the insoluble MCI by-product, filtered and the filtrate dried once
more at 150 °C yielding a pale yellow, highly hygroscopic solid, which was stored under an
inert atmosphere (NaB11H11Pb (0.7752 g, 2.02 mmol, 32% yield) (Li2B11H11Pb — 34% yield,
K2B11H11Pb — 30% yield). 1B {*H} NMR (128 MHz, CD3CN, ppm) -3.5 (s, 1B), 5.4 (t, Y11s-207pb
=263 Hz, 5B), -10.8 (s, 5B). *H {!B} NMR (400 MHz, CD3CN, ppm) 6.7 (s, 1H), 3.0 (s, 5H), 0.9
(t, 2/*%-2%7p, = 120 Hz, 5B). FTIR (ATR, cm™) 2420 (vs), 1600 (w), 1050 (m), 730 (m), 700 (w),
520 (m).
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3.3.3.2 Synthesis of (MePh3zP):B11H11Pb

[(CH3)sNH]B11H14(0.271 g, 1.40 mmol) was dissolved in MOH (20 mL, 2M) before PbCl, (1.514
g, 5.45 mmol) was added and stirred at room temperature for 4 hours. The grey suspension
was filtered and the filtrate neutralised to pH 7 using HCI (1M) and filtered in vacuo once
more. MePhsPBr (1.010 g, 2.83 mmol) was dissolved in milliQ H,0 (10 mL) and added to the
filtrate. A yellow solid precipitated and was filtered, washed with milliQ H,0 (2 x 5 mL), and
the resulting solid dried at 90 °C under vacuum for 4 hours ((MePhsP).B11H11Pb, 0.8664 g,
0.971 mmol, yield 69 %). 1B {*H} NMR (128 MHz, CDsCN, ppm) -3.5 (s, 1B), -5.4 (m, 5B), -10.8
(s, 5B).

3.4 Results and Discussion

The syntheses of B11H11Pb?™ salts follow that of the analogous compound, CB11H12™. This can
be performed from the trimethylammonium salt of the nido-undecaborate anion
((CHs)3sNHB11H14). A [CB11H12]~ synthesis pathway proposed by Franken et. al., uses chloroform
to form dichlorocarbene, which is inserted into the nido cage to form the closo 12-vertex
product,?’ and was recently made cost effective.?° This method requires the use of an inert
gas atmosphere (e.g. argon) at all stages due to the highly reactive carbene intermediate,
which must be synthesised in situ. However, the formation of the lead analogue is simpler.
Heavier group 14 elements such as lead and tin can form stable EX; (E = Group 14 element, X
= Halide) compounds so, in the case of PbCly, the reaction can be performed in air. Alkali metal
B11H11Pb? salts are soluble in water and organic solvents such as dimethylsulfoxide (DMSO),

acetone and acetonitrile.
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An insoluble B11H11Pb?™ salt can be isolated as shown in reactions 1 and 2.31

[(CH3)3NH][B11H14](5)*+ 4 NaOH(oqy + PbCl, () RT 4h

NazBllHnPb(aq)+ 2 NaCI(aq)+(CH3)3N(g)+ 4 H20(|) (31)

NazBllHnPb(aq)+ 2 (CH3)4NCI(aq) _— [(CH3)4N]2B11H11Pb(S)+ 2 NaCI(aq) (32)

Figure 3.1 shows the electrostatic potential surface of varying borate and heteroborate anions
calculated using Gaussian GO9W software. Substituting a [B—H] unit with a heteroatom in the
12-membered boron cage produces a pronounced electrostatic dipole. This dipole may be
responsible for improving the ion conductivity in [CB11H12]- compounds with respect to the
unsubstituted [Bi2H12]?>~ anion.3? Adding a lead atom into the cage also creates a dipole,
similar to the [CB11H12], with the main difference between the two anions being the valency,
i.e. [B11H11Pb]? is a divalent anion, whereas the [CB11H12]™ is monovalent. Another difference
is the X-B1 (X =B12, C, or Pb (see Figure 3.1)), distance, which increases, respectively, due to
the size of the lead atom (4.338 A) with respect to carbon (3.273 A) or boron (3.437 A) as
theoretically calculated. However, the calculated overall size, measured from Pb—-H1 (where
H1 is hydrogen atom bonded to B1), of the [B11H11Pb]?" anion (5.503 A) is a similar size to both
the unsubstituted [B12H12]>” (H12-H1 = 5.833 A) and the [CB11H12]” (CH-H1 = 5.524 A). This is
due to the fact that the smaller carbon atom sits further down into the cage, causing a degree
of asymmetry. The B1;H122™ anion is slightly bigger than the Bi1;H1:Pb?™ due to the lack of
hydrogen atom bonded to the Pb atom, as a result, there is an extra H atom in the full length
of the unsubstituted Bi2H12?~ anion. It is expected that cationic coordination to the anion will
be impacted by the electrostatic dipole, affecting the solid-state crystal structure of the
resulting alkali metal salts (for atomic coordination of the B1;H1:Pb? anion as calculated see
Table Al). The cationic coordination also depends on the level of coordinated water on the
cation, which would buffer the distance between the cation and anion and may impact the

mobility of the cation in the crystal.
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Figure 3.1. Electrostatic potential and structures without hydrogens of various anions using Density
Functional Theory (DFT) and a B3LYP/LanM2MB basis set (Total Self-Consistent Field (SCF) Density
(isovalue = 0.008)). NOTE: Pb atom in B11H1:Pb? is not protonated.

FTIR spectroscopy data confirms that the spectra of the methyltriphenylphosphine (MePhsP*)
B11H11Pb?™ salt corresponds to previously published FTIR data (Figure A3).'” This spectrum
shows a large amount of signals in the low-wavenumber fingerprint region. These modes arise
from the additional bonding seen in the MePhsP* cation that contains C-H, C=C aromatic and
C-P bonds, in contrast to the alkali metal cations.3®* The corresponding IR active modes
contribute to the large number of additional peaks in comparison to the alkali metal salts. The
three alkali metal salts have very similar FTIR spectra with the characteristic B-H stretch at
2420 cm™. However, the lithium compound shows a stronger water signal at both 3500 and
1600 cm™ compared to the sodium and potassium salts. These peaks correspond to an O-H
stretch and H-O-H bend, respectively, which arise from coordinated water to the compounds
in their crystal structure.3* Furthermore, the FTIR spectra shows there is an absence of a Pb-H

stretch meaning the Pb atom in the anion structure is not protonated as desired.?®
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Furthermore, the Pb atom has a +2 oxidation state which is desirable and any protonation
would lead to a higher, more unfavourable oxidation state, as determined by the inert pair

effect.3®

The 1B NMR spectrum of the B11H11Pb?™ anion shows three distinct signals at -3.5 (B1), -5.4
(B7-B11), and -10.8 ppm (B2-B6) (Figure 3.2). These resonances are shifted downfield from
the non-substituted Bi2H122~ dianion which has a typical chemical shift of -15.4 ppm, with
respect to a BH3-OEt, standard.3”:38 There are three chemical environments for boron within
the anion and all hydrogen coupled signals are doublets (?/s-1 = 125.5 Hz) as each boron atom
is bonded to a single hydrogen atom (see Figure A4c). !B integration shows a 1:5:5 ratio,
revealing that the -3.5 ppm resonance corresponds to the antipodal boron (B1 — see Figure
3.1 for atom identification) atom with respect to the Pb heteroatom. The large downfield-
shift of the antipodal boron (B1) is caused by the introduction of a heteroatom into the cage-
like structure, which causes the largest amount of deshielding in the antipodal position.3° The
two upfield resonances correspond to the two different sets of five equivalent boron atoms
(B2-B6 and B7-B11). The peak at -5.4 ppm is split further by coupling with a 2°’Pb nuclei,
which is also NMR active (}s-pb = 265.1 Hz), confirming that the peak at -5.4 ppm corresponds
to boron atoms directly bonded to the lead atom (B7-B11). The splitting is noticeable because
the 297Pb nucleus has a relative natural abundance of 23% with the remainder of the stable
isotopes being NMR inactive.?® This gives an apparent triplet, as 23% of the BiiH11Pb%
molecules show a doublet and 77% a singlet. These peaks have the same chemical shift, as a
result, the spectrum shows a multiplet with three signals. There is a minor impurity peak at
-16 ppm in the spectra, which correspond to the B11H112~ anion that is formed by premature
closure of the nido-cage without the insertion of the Pb atom (Figure A4b). Other impurities
found during synthetic process include unreacted B11H14™ precursor (6118 = 13.7, -15.5 and
-16.9) and its oxidation product, B11H1207, at 12.8, 11.3, 4.4, -7.0, 14.2, -16.4 and -29.1
ppm.*42 The concentrations of these impurities are low and not thought to greatly affect the
properties of the bulk materials, as from B NMR spectroscopy and SR-XRD, we believe the
purity to be >95%. The purity achieved is similar to other materials previously screened for

ionic conductivity.*® All NMR spectra can be found in the supporting information (Figure A4).
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Figure 3.2. 1B {*H} NMR spectrum of Na,Bi1H1:Pb in CD3sCN - -3.5 (s, 1B, B1), =5.4 (m, YJ118-207p6 = 263
Hz, 5B, B7-B11), -10.8 (s, 5B, B2-B6).

The in-situ SR-XRD of Li;B11H11Pb, performed during thermal treatment, identifies a mixture
of at least three different compounds at room temperature (Figure 3.3), considered to be a
mixture of different hydrates of Li.B11H11Pb. a-Li2B11H11Pb-xH20 (blue circles) disappears at
~120 °C on heating, causing an increase in scattered intensity in 8-Li2B11H11Pb-xH,0 (green
diamond), indicating a potential dehydration event. A similar event occurs at ~170 °C when
B-LizB11H11Pb-xH,O disappears and an increase in scattered intensity is seen in y-

Li2B11H11Pb-xH,0 (purple triangles).

The a-phase could not be indexed but 8-Li>B11H11Pb-xH,0 was indexed in space group P4,nm
(102), however, determining the atomic positions was not possible due to the large
discrepancy between the combined scattering power of the BiiH11Pb?™ anion with the

electron-poor Li* cation. y-Li2B11H11Pb-xH,0 persists until 300 °C where decomposition into
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Pb metal occurs slightly below the reported melting point at 327.5 °C.3° This is a lower
temperature than unsubstituted Li2Bi2H12, which shows that it is less stable.** The lead is
partially molten in the X-ray beam as indicated by the weak crystalline peaks (red squares)
coupled by the broad non-crystalline scattering halo at 28 = 12°, indicative of a disordered
molten phase. All samples see the freezing of lead metal during cooling at ~ 190 °C, which is
corroborated by an exothermic event seen in the DSC analysis of the compounds (Figure A5).
This is vastly lower than the melting point of lead metal. Possible reasons for this could be the
atmosphere within the capillary preventing the crystallisation of the solid, or the
amalgamation of the alkali metals into Pb metal after decomposition of the borate causes the
reduction of the melting point, however, not to the level seen in this experiment.*> A minor
impurity of lithium chloride (LiCl) also persists throughout the heating ramp, resulting from
the slight solubility of lithium chloride in acetonitrile during synthesis. Other solvents, such as
acetone, with lower solubilities of lithium chloride, are not used as they cause the B11H11Pb?"
anion to decompose.
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Figure 3.3. In-situ SR-XRD of dried Li;B11H11Pb under sealed Ar atmosphere and heated to 327 °Cat 5
°C min~! — Blue circle = a-Li,B11H11Pb-xH,0, Green Diamond = B-Li;B11H11Pb-xH,0 , Pink Triangle = y-
Li2B11H11Pb-xH,0, Red Square = Pb metal, Orange Diamond = LiCl.
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The in-situ SR-XRD data for Na;B11H11Pb reveals a first decomposition of a-Na;B11H11Pb-xH,0
into an amorphous phase, signified by a halo at 210 °C, before full decomposition into lead
metal at ~ 300 °C. Sodium chloride is present as an impurity throughout the heating and
cooling process (Figure 3.4a). Once more, the presence of molten lead occurs at a lower
temperature than its standard melting point. The a-Na;B11H11Pb shows no dehydration in the
initial heating which differs to the lithium salt. The initial phase a-Na;B11H11Pb-xH,0 could not
be indexed, possibly due to a mixture of different compounds or hydrates. The potassium
analogue behaves similarly to the sodium variant (Figure 3.4b). The initial phase, a-
K2B11H11Pb-xH20, decomposes at 220 °C into an amorphous compound which are notoriously
difficult to identify, whilst molten Pb forms at 310 °C.3® As with the lithium salt, both the

sodium and potassium salts freeze at 190 °C.
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Figure 3.4a. In-situ SR-XRD of dried Na;B1:H1:Pb under sealed Ar atmosphere and heated to 327 °C
at 5 °C min~* — Pink circle = a-Na;B1:H11Pb.xH,0, Brown Triangle = Pb metal. Figure 3.4b. In-situ SR-
XRD of dried K,B11H11Pb under sealed Ar atmosphere and heated to 327 °C at 5 °C min™ — Green

Circle = a-K;B1;H11Pb.xH;0, Blue Square = Pb metal.

Residual Gas Analysis (RGA) was performed on the different salts dried at both 90 °C and 150
°C with the water and hydrogen gas intensities being particularly probed (Figure 3.5). When
the samples are dried at 90 °C in vacuo, a large amount of water was released for all samples
above 90 °C. However, drying at 150 °C removed this coordinated water and reveals a release
of water at higher temperatures, Li;B11H11Pb — 160 °C, Na;B11H11Pb and K2B11H11Pb — 240 °C.
The evolution of hydrogen gas from a sample indicates the decomposition of the borate cage.
The presence of the coordinated water (dried at 90 °C) causes decomposition at a lower
temperature for all salts as they begin the evolution of hydrogen gas at ~ 150 °C. Once the
majority of this coordinated water has been removed (dried at 150 °C), the decomposition of
the compounds occurs at a much higher temperature for all compounds, Li;B11H11Pb — 220

°C, NazB11H11Pb — 260 °C and K3B11H11Pb — 270 °C.
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Temperature Programmed Thermal Analysis of LizBi1H11Pb (Figure A6a) shows slight
discolouration of the pale yellow pellet at ~ 120 °C which correlates with the dehydration
observed in the in-situ XRD. Further discolouration proceeds at ~ 220 °C until the sample
becomes black at ~ 300 °C, which signified full decomposition as seen in the in-situ XRD.
NazB11H11Pb shows decolouration at 210 °C which correlates with the in-situ XRD observations
(Figure A6b). Further darkening of the pellet continues upon heating coinciding with the
evolution of hydrogen as seen in the RGA until 310 °C which correlates to its decomposition
shown by XRD. The potassium salt behaves in a similar manner to the sodium analogue with
discolouration beginning at ~ 200 °C and full darkening of the pellet at 305 °C which coincides

with the decomposition seen in the in-situ XRD.
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Figure 3.5. RGA Analysis of Li,B11H11Pb, Na;B11H1:Pb and K;B11H11Pb dried at 90 and 150 °C, heating

at5°Cmin™.

Measuring the ion conductivity of a sample is the primary analytic technique to determine
the potential of a compound as a solid-state electrolyte. LiB11H11Pb-xH20 represents the best
performing ion conductor in this study, reaching superionic conductivity (> 1 mS cm™) above
90 °C. Above 120 °C, the ion conductivity decreases again, which corresponds to the initial

dehydration step of a-Li;B11H11Pb.xH,O observed in the in-situ SR-XRD. Between 90 - 120 °C
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Li>B11H11Pb has a greater ion conductivity than the pristine B12H122~ anion (see Figure 3.6a).
However, the low conductivity at cooler temperatures (T < 70 °C), introduces limitations of
LizB11H11Pb-xH,0 when compared to LiCB11H12. At 40 °C, LiCB11H12 has an ion conductivity of
~ 0.3 mS cm™ whereas Li2B11H11Pb-xH20 is three orders of magnitude lower at 1 pS cm™as
seen in Figure 3.6a. Li2B11H11Pb was heated to 100, 150, 200 and 310 °C to determine the
stability of the compound through heating. The 1B {*H} NMR spectra (Figure A4k) shows no
anion degradation up to 200 °C which is higher than the temperatures at which the ion
conductivity was measured. At 310 °C the anion has fully decomposed, matching the in-situ

SR-XRD results.

One major difference between CB11H12~ and Bi11H11Pb?™ anions is the valency, as the lead
containing compound is a divalent anion, the electrostatic attraction between the lithium
cations and the anions is increased as seen in Figure 3.1. Furthermore, the [CB11H12]™ is able
to be fully dehydrated, whereas the B11H1:Pb?™ anion is not as seen by FTIR spectroscopy and
RGA of the sample.’®> Complete dehydration of alkali metal plumba-closo-dodecaborates
before decomposition is difficult or not possible once hydrated. The strong charge density of
Li* and Na* cations result in strong coordination of crystal water until high temperatures
where the compounds are shown to decompose. This is well-known in this class of
compounds with weakly coordinating anions.'? Despite this, it has been shown that hydration
of other metal borates such as LiBiiHi4 and NaBiiHis is beneficial towards their ion
conductivity due to the creation of a low energy migration pathway through the anionic
lattice.*®*’ One reason that the LiCB11H12 has exceptional ion conductivity is due to the high
temperature polymorphic transition at ~160 °C to a super ion conducting phase with highly
mobile anions and cations.!® The LizB11H11Pb-xH20 does not undergo a high temperature
polymorphic transition and so, does not exhibit a step function change in ion conductivity as
a function of temperature. The sodium analogue has comparatively poor ion conductivity
reaching a maximum of ~ 107 S cm™ at 170 °C. This is considerably lower than the respective
NaCBi1H12 and also the pristine NaB12H12 salt (Figure 3.6b). The potassium salt has very low
ion conductivity around the detectable limit (max. 7 x 10 S cm™ at 160 °C). This is vastly
reduced compared to its contemporaries, KBsHs (3.4 x 1077 S cm™ at 150 °C), KB11H14 (1.2 x
10™*S cm™ at 150 °C) and KCB11H12 (3.2 x 10#S cm??t) 46,4849
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Linear sweep voltammetry (LSV) was performed on LizB11H11Pb to assess the oxidative
stability of the compound. This shows the electrochemical limit at which the compound is
irreversibly oxidised and therefore the working range of the materials. The limit was found to
be 2.3 V vs Li*/Li which is comparable to other borate salts such as LiBH4, which has a slightly
lower oxidative stability of 2.2 V vs Li*/Li and LiB11H14.xH20 which is higher at 2.9 V vs Li*/Li
(Figure A7).24¢ The LSV scan shows a negative initial current and a large positive current after
the oxidative stability limit is seen. This is due to the addition of carbon in the cell, which
increases background capacitive current, but also increases the accuracy of the oxidative
stability limit.2! Further investigations could involve the investigation of full cells. Possible

cathode materials could include Ti,S for Li and Na batteries.”%>1
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3.5 Conclusions

A variety of group 1 metal plumba-closo-dodecaborate salts were successfully synthesised
from trimethylammonium nido-undecaborate confirmed using !B NMR and FTIR
spectroscopies. Further, investigation into the properties of this family of compounds using
SR-XRD has shown that the crystal structures of these salts are internally different with the
space group of LizB11H11Pb being identified as P4,nm (102). The full crystal structure could not
be identified due to the large disparity in the scattering power of the large B11H11Pb?™ anions
and small Li* cations. The primary focus of this paper was the identification of these
compounds as potential ion conductors to be used in full solid-state battery cells. It has been
found that LizB11H11Pb-xH,0 has good ion conductivity of > 1 mS cm™ at temperatures of 90
— 120 °C to a maximum of 7 mS cm™ at 120 °C. At higher temperatures, the ion conductivity
decreases and this coincides with dehydration of the salt as seen by in-situ SR-XRD and
confirmed by the release of water vapour seen in the RGA-MS of the sample. Even though, it

is surmised that is the divalent nature of the anion is the reason why the ion conductivity is
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lower than the [CB11H1;]™ variant, there are other factors such as the hydration level and
other structural factors which could cause a weaker performance. However, due to the
reactive and unstable nature of the anion, further adaptation to the anion was not possible
to reduce the valency. Other cations such as Na*and K* were also synthesised, however, these
show poor ion conductivity in comparison to the Li* variant and other solid-state borate

compounds.

In conclusion, we do not believe that plumba-dodecaborate salts (B11H11Pb?) would be
suitable as solid-state electrolytes without further development due to their performance at
room temperature in comparison to their contemporaries, such as CB11Hi>" salts. However,
further development into these materials, for example through ball milling, could improve
their performance and as a result their viability. A study into the dynamics of the conduction
pathway using QENS or in situ NMR would also help gather additional information around this
novel class of materials. Future work could include inserting different metals in the borate

cage to reduce the charge of the anion to -1 similar to the 12-vertex carborane.
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CHAPTER 4 - STANNABORATES: TUNING THE ION
CONDUCTIVITY OF DODECABORATE SALTS WITH TIN
SUBSTITUTION

4.1 Abstract

Metal substituted dodecaborate anions can be coupled with alkali metal cations to have great
potential as solid-state ion conductors for battery applications. A tin atom can replace a B-H
unit within an unsubstituted dodecaborate cage to produce a stable, polar divalent anion. The
chemical and structural change in forming a stannaborate results in a modified crystal
structure of respective group 1 metal salts, and as a result, improves the material’s ion
conductivity. LizB11H11Sn shows high ion conductivity of ~ 8 mS cm™ at 130 °C, similar to the
state-of-the-art LiCB11H12 at these temperatures, however, obtaining high ion conductivity at

room temperature is not possible with pristine alkali metal stannaborates.

4.2 Introduction

Energy storage devices are vital to solidify a green future as they allow renewable energy from
intermittent sources to be stored and redistributed whenever needed throughout the day.
Current electrical storage devices, or batteries, as they are more commonly known,
traditionally contain two solid electrodes and a liquid electrolyte, e.g. containing a lithium salt
in an organic solvent such as diethylene carbonate.! The role of the electrolyte is to allow ions
to be transported from one electrode to the other. However, these liquid electrolytes have
severe drawbacks for large scale energy storage, for example, they are flammable and
volatile.? Also, liquid electrolytes do not allow for pure metal (e.g. lithium) electrodes to be
used due to dangerous dendrite growth.3 One way to combat these issues is to use a complete

solid-state construction for the battery. This all-solid-state battery contains a solid-state
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electrolyte, which allows small metal cations to migrate through an anionic crystal lattice
between the two solid electrodes.* Furthermore, an elemental metal cathode can be used
which helps reduce the cost of the cell, improve the voltage window, and reduce the size and

weight.4

There are many different types of compounds that have shown potential to be used as solid-
state electrolytes. The most prevalent of these are inorganic ceramic solids such as sulphides
(e.g. Li1oGeP,S12) and silicates (e.g. NasZr,PSi>012).>® They show promise due to the high
lability of the respective lithium and sodium ions, resulting in high ion conductivity, especially
at high temperature (> 100 °C), and importantly they are chemically stable with oxidative
stabilities of 2.1 V for LiioGeP2S12.” Inorganic solids, such as sulphides, are already being
commercially used alongside a lithium metal anode and a lithium manganese oxide (LiMn;04)
cathode.? Other types of materials proposed as possible solid-state electrolytes are solvent-
free salts or polymers. Polymeric electrolytes operate by the migration of metal ions through
the polymer chain between the two electrodes, for example, in the work reviewed by Yue et

al. where a variety of polymer mixtures are used to produce high ion conductivity levels.®

Borohydride salts have been shown to have high ion conductivity, in particular at high
temperatures.’® This is especially true for cluster borate salts, for example, closo-
dodecaborate salts ([B12H12]%). These anions have been paired with different alkali metal
cations such as lithium, sodium, and potassium and show excellent ionic conductivity
performance at elevated temperatures, for example, Li2B12H12 (8 x 102 S cm™ at 280 °C),

NazB1oH10 (2 x 102S cm™ at 150 °C), and KB11H14 (1 x 107# S cm™ at 150 °C).11-14

Substituted closo-dodecaborate cages have been known to improve the ion conductivity at
lower temperatures in comparison to unsubstituted B12H12% salts. LiCB11H12 and NaCBiiHi2
shows vastly improved performance at room and elevated temperature (LiCB11H12 ~0.1Scm’
1 at 120 °C), even for divalent cations.'>!> The insertion of a carbon atom creates a dipole
within the boron anion and changes the anion reorientational dynamics, which is believed to
increase the ion conductivity.’®1” Metal cations diffuse through the anionic lattice, possibly
through a paddle-wheel mechanism, which reduces cation hopping energy and as a result
improves the ion conductivity at a specific temperature.'® Introducing a lead atom into the
anion was also seen to show high ionic conductivity, however, not to the level of the 12-vertex

carborane.’® The lower ion conductivity displayed by these plumba-closo-dodecaborates
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could possibly be explained by them not demonstrating a polymorphic phase transition to a

structure with high reorientational dynamics, which is present in the carboranes.

Stannaborates (B11H115n? compounds) have been known for 30 years since their discovery by
Chapman et al.?° The prototypical stannaborate, [PhsMeP]2[B11H11Sn], was synthesised from
a nido-borane precursor, B11H147, and has since been modified into a variety of different salts
(e.g. NBus*).?! These compounds have been used in coordination chemistry, coordinating
from the tin atom to a variety of metal centres such as Mo, Ru, and Ni.2%22 When the salts are
synthesised, they are usually coupled with a bulky organic cation and they have not yet been
explored in regard to their ion conductivity. While organic cations are particularly useful in
coordination chemistry, they cannot be used as solid-state electrolytes in battery
applications. For this purpose, salts with a metal cation must be used. Solvated lithium and
cesium stanna-closo-dodecaborates have previously been synthesised, and the synthesis of
similar alkali metal salts with a B11H11Pb? anion have also been achieved.'®?3 The aim of this
research is to synthesise and characterise a variety of alkali metal stannaborate salts for their

potential use as solid-state ion conductors.

4.3 Experimental

Density Functional Theory (DFT) was performed using the B3LYP hybrid functional with a
LanL2MB basis set, in order to process the large Sn atom.?*2® The calculations were
performed using the software Gaussian GO9W, optimising geometry and anion energy.?’
Electrostatic Potential (ESP) surfaces were mapped at an isovalue of 0.008 electrons/bohr3.

Atomic coordinates of the B11H11Sn? anion are shown in Table S1.

Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker AVANCE 111 400
MHz spectrometer (128.4 MHz for *'B) with proton decoupled spectra referenced to BFs-OEt;

and MeasSi respectively using a CD3CN solvent.

Differential scanning calorimetry (DSC) was performed using a Netzsch STA 449 F3 Jupiter.
The samples (~ 4 mg) were placed in a sealed aluminium crucible with a pinhole pierced into

the lid and heated from 40 - 400 °C (10 °C min™) in an argon flow of 40 mL min™. The
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temperature and sensitivity of the DSC was calibrated using In, Zn, Sn, Bi, and CsCl reference

materials, resulting in a temperature accuracy of + 0.2 °C.

Electrochemical Impedance Spectroscopy (EIS) was measured using a ZIVE SP1 instrument.
The compounds were pressed into pellets, with a diameter of 6 mm and thickness of ~ 1 mm,
by applying a pressure of 1000 kg in an inert argon atmosphere. A pellet was placed between
2 gold wafers (0.1 mm thickness) and loaded into sealed Teflon sample cells with stainless
steel electrodes under argon. The data were collected using AC voltage from 1 MHz to 10 Hz.
To elucidate the ion conductivity (o) from the data, the x-intercept (Zrcal) of the Nyquist plot

was determined using a known literature method, see Figure B1. 28

Linear Sweep Voltammetry (LSV) was performed to determine the oxidative stability limit of
the Li;B11H11Sn salt against Li metal. The method used was based on a method proposed by
Han et al. and Asakura et al. 7?° Li;B11H11Sn was mixed with graphite (Sigma Aldrich, powder
< 20 pg), previously heated to 550 °C under vacuum for 12 h, in a weight ratio of 75:25 by
grinding 5 times with a mortar and pestle. 3 mg of the mixture was layered on top of 40 mg
of pristine LizB11H11Sn and pressed together at 2000 kg in an inert argon atmosphere to form
a two layered pellet. This pellet was sandwiched to form an Al/Pt/Sample+C/Sample/Li
configuration, which was sealed within an air-tight Teflon cell. LSV was conducted at 60 °C
with a scan rate of 50 uV s from the open circuit voltage (2.3 V) to 8 V. A second LSV cycle
was also conducted from 1 - 5.2 V at the same scan rate and temperature to verify subsequent
reactions. The oxidative stability of the material was determined from the intersection point

of the background and the oxidative current.?®

In-situ and ex situ Synchrotron Radiation — X-Ray Diffraction (SR-XRD) data were collected on
the powder diffraction (PD) beamline at the Australian Synchrotron using a Mythen-Il strip
detector with at a scan rate of 30 secs scan™! using a wavelength of 0.59096(1) A. All samples
were packed in borosilicate capillaries (inner diameter — 0.7 mm) and flame sealed under an
argon atmosphere. The samples were heated to 327 °C using a hot air blower at 5 °C min~2.
Sample temperatures were calibrated against the known lattice parameter of silver as a

function of temperature.3® Crystallographic indexing was performed in Topas v.5 (Bruker,

Germany).
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Raman Spectroscopy was performed using a WITec Alpha 300 SAR confocal Raman
microscope with a 532 nm green light excitation wavelength and 600 grating/mm. Samples
were prepared in 1 mm wide borosilicate capillaries in an Ar filled glovebox then flame sealed
to prevent exposure to air and moisture. Spectra were collected with 100 accumulations with
an integration time of 400 ms. Data processing including background subtraction was

performed using Project 4 (WITec) software.

Lithium hydroxide (98%, -4 +1 4 mesh, anhydrous, Alfa Aesar), anhydrous sodium hydroxide
(reagent grade, > 98%, pellets, Sigma-Aldrich), potassium hydroxide (technical, > 85% powder,
Sigma-Aldrich), tin (Il) chloride (98%, Sigma-Aldrich), and hydrochloric acid (37%, Fisher) were
all used as purchased or diluted to desired concentrations using Milli-Q water. (CHs)sNHB11H14
was prepared using the method of Dunks et al. from sodium borohydride (98% (0.5% MgCO:s),
Sigma-Aldrich) and 1-bromopentane (98%, Sigma-Aldrich) in diglyme (99.5%, anhydrous,
Sigma-Aldrich).3! The synthesis involves dissolving sodium borohydride in diglyme followed
by the drop-wise addition of 1-bromopentane at 105 °C for 4h, and subsequent room
temperature precipitation from water using trimethylammonium chloride (Sigma-Aldrich). All

samples were prepared and stored under an inert argon atmosphere.

4.3.1 Synthesis of Li2B11H11Sn

The synthesis method was an adaption of that reported by Gidt and Wesemann.??
(CH3)sNHB11H14 (2.600 g, 13.46 mmol) was dissolved in anhydrous tetrahydrofuran (THF) (40
mL) and cooled to 0 °C before n-butyllithium (30 mL) was added dropwise and the solution
was stirred for 30 minutes under an inert argon atmosphere. Tin (ll) chloride (3.70 g, 19.51
mmol) dissolved in THF (30 mL) was added dropwise to the pale yellow solution at room
temperature. The solution turned deep red instantaneously and was stirred for a further 4
hours at room temperature. THF was removed using rotary evaporation and the dry product
was dissolved in aqueous lithium hydroxide (1M, 50 mL) to extract the product from the
resulting mixture. The solution was filtered in vacuo and the filtrate neutralised to pH 7 using
HCl (1 M). The solvent was removed in vacuo and acetonitrile (15 mL) was added to the

resulting solid, which helps to remove the LiCl by-product. The suspension was filtered and
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the filtrate was dried in vacuo at 150 °C leaving a pale yellow, highly hygroscopic solid, which
was stored under argon, LizB11H11Sn (2.083 g, 7.93 mmol, 59% yield). 1B {*H} NMR (128 MHz,
CDsCN) =5.3 (s, 1B), -11.1 (s, 5B), -12.4 (s, 5B). *H {*'B} NMR (400 MHz, CDsCN) 2.98 (s, 1H),
1.60 (s, 5H), 0.82 (s, 5B).

4.3.2 Synthesis of M2B11H11Sn (M = Na, K)

LizB11H11Sn (0.215 g, 0.819 mmol) was dissolved in water (5 mL) and passed through a column
containing Amberlite® IR 120 hydrogen form ion exchange resin. The resulting acidic solution
was treated with the relevant metal hydroxide (NaOH or KOH) until pH 7. The water was
removed in vacuo at 150 °C leaving the desired product, Na;B11H11Sn (0.201 g, 84% vyield) or
K2B11H11Sn (68% vyield).

4.4 Results and Discussion

The use of a stannaborate salt as a solid-state electrolyte provides an alternative to a
carborane salt, which may hold similar anionic polarity due to the similarity between charge
distribution in the anion. It is postulated that a polarised anionic charge distribution may allow
for favourable reorientational anion dynamics in the solid-state, thus providing similar levels
of high ion conductivity as the carborane. The replacement of Sn for C-H may also change the
temperature at which rapid reorientational dynamics are observed via a lower temperature
polymorphic phase transition. To understand the charge distribution in the stannaborate
anion a theoretical calculation can be undertaken computationally and compared to similar
anions. Figure 4.1 shows the calculated electrostatic potential surfaces of various borane
anions. The introduction of a heteroatom into the 12-vertex borane anion creates a
permanent electrostatic dipole with electron density moving away from the heteroatom in
the case of carborane. The lithium and sodium salts of the 12-vertex carborane (CB11H12)
show vastly improved ion conductivity compared with the respective unsubstituted BiaH12>

salts.!* The overall charge is higher for the divalent B11H11Sn? anion compared to the
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monovalent CB11H12". A major difference between the carborane and stannaborate anions is
the fact that the carbon is protonated, whilst the tin atom is not. As such, it is clear from
Figure 4.1 that whilst the C-H unit in the carborane forms a less-negative node, the Sn atom
forms a more-negative node, in contrast to the B-H units in the respective anions. Despite the
different charge distribution in the stannaborate compared to carborane anion, a noticeable
polarity to the charge is present. The length of the B11H11Sn?, measured from Sn-H1 is 5.446
A, which is similar to the total length of CB11H1,™ (5.524 A when measured CH-H1) despite the
Sn not being protonated. This is due to the disproportionate size of the tin atom being similar
to a C-H unit. The unsubstituted Bi2H1,% is slightly larger (5.833 A) than the carborane due to
the fact the carbon atom sits further down into the cage. The resulting crystal structure of a
solid-state salt can be influenced by the charge distribution of the ions. In the case of
respective borates, the anionic polarity (or lack of) will affect the respective cation locations
with respect to the anion due to electrostatic forces and steric constraints.3? The resulting
crystal structure will change the cationic conductive mechanisms and pathways through the
anionic lattice. Therefore, the calculated charge distribution of the stannaborate anion

provides indications that it may form favourable alkali metal salts.
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Figure 4.1. Electrostatic potential surfaces and structures (without hydrogen shown) of closo-borate
anions optimised and generated using a B3LYP/LanM2MB basis set (Total Self-Consistent Field (SCF)

Density (isovalue = 0.008)). NOTE: Sn atom is not protonated.

The synthesis of the BiiH11Sn? anion follows the same synthetic pathways as its sister
compounds CBiiHi» and BiiH11Pb?.2%33 An open 11-vertex borane anion (BiiHia) is
deprotonated by a base and a non-boron heteroatom is inserted into the anion to form a
closo-undecaborate anion containing the atom of choice. The method used follows that
described by Chapman et al. using a MesNHB11H14 precursor treated with a strong base, in
this case nBuli, and reacted with SnCl in a THF solvent under an inert atmosphere.?° Due to
the increased stability of SnCl, compared with its carbon analogue, CCl,, which can only be
made in-situ, it can instead be added directly as a reagent. This synthetic route has also
previously been used to synthesise stannaborate salts with bulky organic cations or solvated
lithium or cesium.??> The synthesis of alkali metal stannaborate salts is achieved by
modifications to the original synthetic procedure reported by Chapman et al.?° It should also
be noted that anhydrous SnCl; must be used as insertion reactions since hydrated SnCl;-2H,0

was attempted but did not result in the insertion of a Sn atom into the borane cage.
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Furthermore, aqueous bases such as hydroxides cannot be used for the same reason in the
initial anion synthesis. In contrast, the synthesis of B11H11Pb? salts utilise aqueous bases due
to two main factors: the maintained activity of the aqueous PbCl, reagent, and the avoidance

of highly toxic butyl lead when nBuli is reacted with Pb compounds.

The B11H11Sn? anion was successfully synthesised and confirmed by !B NMR spectroscopy
(see Figure 4.2a). It shows three characteristic resonances at -5.3 (B1),-11.1 (B2-B6) and -12.4
(B7-B11) ppm with an intensity ratio 1:5:5, which correlates to the three different boron
environments within the anion structure (B1, B2-B6, B7-B11 in Figure 4.1). Interestingly, there
are shoulders on the resonance seen at -11.1 ppm. These arise from the coupling of the boron
atoms to the tin atom, which has a low abundance (7.7 %) NMR active (/ = %) isotope that
causes peak splitting of the singlet.3* The interaction between the Sn and adjacent B’s creates
a triplet arising from the spin active (/ = %) and inactive (/ = 0) tin nuclei, respectively, which
was also seen in the NMR spectrum of B11H11Pb?.° The *H {*B} NMR spectra shows 3 major
resonances (2.98, 1.60 and 0.82 ppm) alongside two solvent signals at 2.8 and 1.9 ppm
corresponding to acetonitrile and water.3> There is a small B11H11% impurity (~ 2.5% based on
118 integration) arising from premature closing of the boron-cage after deprotonation, but
before Sn insertion. This is not believed to have a major impact on the bulk ion conductivity
or thermal characteristics. The sodium and potassium salts show the same NMR spectra as

they weren’t synthesised from the lithium analogue using cation exchange.
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Figure 4.2a. !B {*H} NMR spectrum of Li,B11H11Sn in CDsCN: -5.3 (s, 1B, B1), -11.1 (s, 5B, B7-B11), -
12.4 (s, 5B, B2-B6). Figure 4.2b. 'H {!B} NMR spectrum of Li,B11H1:Sn in CDsCN: 2.98 (s, 1H), 1.60 (s,
5H), 0.82 (s, 5H).

The lithium stannaborate salt was analysed using Raman spectroscopy (Figure 4.3) under an
inert argon atmosphere in a sealed capillary. The spectrum contains a strong signal at ~ 2450
cm! that corresponds to a B-H stretch within the Bi1iH11Sn% cage. There are 3 other major
signals in the spectrum at 750, 570, and 280 cm. These correspond to vibrational modes
connected to the stretching modes of the stannaborate cage. The signals at 750 and 570 cm”

1 correspond to similar modes seen the in mono-carborane anion (CBi1Hi2) due to the
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stretching and deformation of a boron cage. The very strong peak at 280 cm™ is not seen in
the case of the carborane, owing to the signal corresponding to the stretch of the B-Sn bond,
which is consistent with the computational pattern in Figure 4.3. The low frequency of the
stretch is due to the high mass of the Sn atom in comparison to a boron or carbon atom. The
Raman spectrum for the lithium stannaborate salt also correlates well with one previously
reported for cesium stannaborate.?® Thus, the Raman and NMR data show that the B11H115n*

anion has been successfully synthesised.
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Figure 4.3. Experimental Raman spectroscopy of Li>B11H11Sn and Zn(CB11H12); performed in an inert

argon atmosphere compared with a computational spectrum of Bi1H11Sn%.

Figure 4.4 shows the DSC analysis of the lithium, sodium, and potassium stannaborate salts.
All samples show a distinct endothermic peak at different temperatures, which could be
synonymous with a variety of different structural and chemical processes. LizB11H11Sn shows
this endothermic event at 340 °C with NazB11H11Sn at 180 °C and K;B11H11Sn at 250 °C,

respectively.
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Figure 4.4. DSC analysis of alkali metal B1;H11Sn? salts in an argon atmosphere at 5 °C min™.

In-situ SR-XRD was performed on the stannaborates in an attempt to understand the
endothermic events observed during DSC analysis with the data illustrated in Figure 4.5 and
Figures B2-B6. The data for the Li;B11H11Sn sample (Figure 4.5a) illustrates that pattern at 30
°C contains at least two crystallographic phases. One of these phases is LiCl, an impurity,
which persists throughout heating and cooling of the material. One phase decomposes at ~
65 °C and is likely attributed to a dehydration step, where hydration of the sample occurred
during exposure to air when sealing the capillary due to the fact that no characteristic water
signals are seen in the Raman spectrum. It should be noted that none of the observed phases
match the known [Li(thf)3]2[SnB11H11] crystal structure, indicating again that the lithium
stannaborate is likely hydrated, rather than solvated by tetrahydrofuran, as shown by NMR.%3
Another major phase exists that undergoes an increase of crystallographic symmetry at 130
°C, possibly due to the full or partial dehydration of the material. Indexing of the diffraction
pattern determined a tetragonal space group (P4./ncm) with lattice parameters of a = b =
9.8923(4) A and ¢ = 10.4149(3) A. This phase is present until ~ 330 °C when decomposition
occurs forming an amorphous phase which is apparent through a halo around 26 = 6°, which
is also seen after the decomposition of similar compounds such as Li2B11H11Pb.*® These
observations are corroborated in the DSC data (Figure 4.4), where endothermic events occur
at peak temperatures of 60, 130, and 340 °C, respectively. After decomposition, the

crystallisation of Sn metal is seen.
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Na2B11H11Sn and K;B11H11Sn also show their respective metal chloride (NaCl and KCl)
impurities, which persist throughout the heating process (Figure 4.5b and 4.5c). The room
temperature phase of K2B11H11Sn has been indexed to exist in an orthorhombic space group
with a = 11.7216(3), b = 8.1006(1), and ¢ = 12.0948(3) A, although the crystal structure could
not explicitly be solved. The room temperature data for Na;B11H11Sn could not be indexed
due to the poor crystallinity of the sample. Upon heating, these compounds behave
differently to the lithium analogue. They have a reversible polymorphic phase change at 200
°C and 250 °C, respectively, which explains the endothermic peaks seen in DSC (Figure 4.4).
These high temperature phase changes for Na;Bi11H11Sn and K;B11H11Sn occur at higher
temperatures than seen in the lithium and sodium 12-vertex carborane.3® High temperature
polymorphic phase transitions can be favourable in enhancing the ion conductivity of a
material, as seen in this class of boron-based compounds.3” However, this is an improvement
on Bi1iH11Pb? salts due to the fact there are no polymorphic phase transitions before
decomposition. The high temperature phase changes are also coupled by the appearance of
a halo at 26 = 4.2° and indicates the formation of an amorphous phase, which is different to
the decomposition halo seen in LizB11H11Sn, which is seen at 26 = 6.2°. This is also seen as a
decomposition product, such as Li;B12H12.3 Upon cooling, both the NaBi1H11Sn and
K2B11H11Sn materials return to their low temperature phases as the decomposition

temperature of these materials were not attained.
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Figure 4.5a. In-situ XRD spectrum of Li,B11H1:Sn heated at 5 °C min and A = 0.59096(1) A. Pink
square — LiCl, Blue pentagon — Sn metal. Blue dashed line signifies temperature for a specific scan.
Figure 4.5b. In-situ XRD spectrum of Na,B11H1:Sn heated at 5 °C mint and A = 0.59096(1) A. Red
circle — NaCl. Figure 4.5c. In-situ XRD spectrum of K;B11H11Sn heated at 5 °C min™® and A = 0.59096(1)

A. Blue square — KCI.

The stannaborate salts were analysed by EIS to assess their ion conductivity as a function of
temperature and determine their suitability as solid-state ion conductors (Figure 4.6). All of
the materials show low, but measurable ion conductivity at room temperature but improve

greatly on heating. Li,B11H11Sn shows promise as it reaches superionic conductivity (> 1 x 10

87



35S cm?) above 110 °C. The ion conductivity reaches a maximum of 8 x 103 S cm™ at 130 °C,
however, the ion conductivity decreases at higher temperature, which corresponds with an
event seen in the in-situ XRD, attributed to desolvation (Figure 4.5a). Desolvation is known to
have an effect on the ion conductivity of solid-state ion conductors.* Thus, the ion
conductivity for LizB11H11Sn is lower than LizB11H11Pb (2 x 102 S cm™ at 120 °C)*° and LiCB11H12
(2x 10t at 150 °C)L, but does show a higher ion conductivity than the unsubstituted Li;B12H12
above 110 °C. NazB11H11Sn shows promise reaching 1 x 103 S cm™ at 170 °C, which is a large
improvement in comparison to its contemporaries Na;B11H11Pb (1 x 10° S cm™ at 170 °C)*°
and the unsubstituted NazBizH12 (1 x 10* S cm™ at 170 °C)3°. K3B11H11Sn shows low ion
conductivity of 1 x 10® S cm™ at 100 °C, much lower than KB11H1a (1 x 107*S cm™ at 150 °C)
and slightly better than to KB3Hs (2 x 10”7 S cm™at 150 °C).1%° The ion conductivity results for
the stannaborates in comparison to other borate salts demonstrate that superionic
conductivities are obtainable, but it is still difficult to predict which borate salts will present
superionic conductivity at (or near) room temperature. High ion conductivity is most often
linked to rapid reorientational dynamics, but also structural considerations, including anion
size, anion electrostatic polarity, cation size, and structure-type.?®374! Therefore, the search
for a room temperature superionically conducting salt still requires further experimental and

theoretical studies to determine the optimum chemical compositions and structures.
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Figure 4.6. lon conductivity of stannaborates and comparable salts from literature 1193742

Linear sweep voltammetry (LSV) was performed on Li,B11H11Sn to assess the oxidative
stability of the material, which shows the electrochemical limit where the compound is
irreversibly oxidised. Thus, this shows the working range of these materials as a possible solid-
state electrolyte. LiB11H11Sn shows immediate, irreversible oxidation from the open circuit
voltage of 2.3 V vs Li*/Li (Figure 4.7). This value is compared to other borate salts such as LiBH4
(2.2 V), LizB11H11Pb (2.3 V), and LiB11H14-xH20 (2.9 V).1#192% The oxidation event in Figure 4.7
is only observable in the first LSV scan, showing that it only occurs on the first voltage cycle

as the electrolyte is already oxidised.
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4.5 Conclusions

A series of group 1 metal stanna-closo-dodecaborate salts were successfully synthesised from
trimethylammonium nido-undecaborate. This was confirmed using 'B and 'H NMR along
with computational and experimental Raman spectroscopy. Additional characterisation of
these compounds included SR-XRD and DSC, which showed polymorphic phase changes in
NazB11H11Sn and K;B11H11Sn at 200 and 250 °C, respectively, and a decomposition event at
340 °C for LizB11H11Sn. The compounds showed crystalline structures and a high temperature
polymorph of K2B11H11Sn could be indexed having an orthorhombic space group however, the
full crystal structure of these compounds could not be determined. Li;B11H11Sn showed
excellent ion conductivity above 1 mS cm™? between 110 and 130 °C, however, the
conductivity reduces at higher temperatures and correlates with a polymorphic phase change
(increase in symmetry) seen in the in-situ SR-XRD diffraction pattern. Na;B11H11Sn also shows
superionic conductivity at 170 °C and has higher conductivity than the lead analogue,
however, once more, lower than NaCB11H1». It is thought that the ion conductivity of these

compounds is lower than the carborane due to divalent nature of these salts. One way to
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improve the conductivity could be to introduce elements into the cage resulting in a

monovalent anion.
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CHAPTER 5 - MONOVALENT HEAVY METAL SUBSTITUTED
CLOSO-DODECABORATE (B11H11M") (M = Sb, Bi) SALTS AS
POTENTIAL SOLID-STATE ION CONDUCTORS

5.1 Abstract

Closo-dodecaborate salts with a group 1 cation have been shown to have impressive
performance as solid-state electrolytes for future battery applications. Group 1 stiba- and
bisma-closo-borate salts were synthesised from sodium nido-undecaborate as confirmed with
1B NMR and Raman spectroscopies. The resulting monovalent anions exhibit polar
electronegativity akin to the best performing borohydride cluster salts, LiCBi1Hi2 and
NaCB11H12. NaB11H11Bi and NaB11H11Sb show superionic conductivity above 140 and 90 °C up
to maximum of 2 x 103 S cm™ at 170 °C and 1 x 102 S cm™ at 150 °C, respectively. This
performance is better than the lithium salts, which not only show low ion conductivity < 1078
S cm™ but do not reach superionic conductivity even at elevated temperature. The ionic
conductivity results reveal that monovalent alkali salts with weakly-coordinating anions
continue to show promise for future battery applications, opening up an array of alternative

chemistries for solid-state ionic conductors to be explored.

5.2 Introduction

Energy storage systems are crucial to future energy technologies due to the increased usage
of intermittent, renewable energy sources such as wind and solar.! As a result, increased focus
into battery technologies is paramount to effectively store the required energy to power the
world. One of the most common contemporary batteries is the Li-ion battery, comprising of

a Li-doped graphite anode, a lithium transition metal oxide cathode (e.g. LiMnO;) and
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dissolved electrolyte (e.g. LiPFs) in a flammable and volatile solvent (e.g. ethylene
carbonate).?? The liquid nature of the battery cell results in certain compromises including
the requirement for a graphite anode and a solvent that limits the operating temperature
limit and increases the risk of fire.* One way to avoid this issue is to use a full solid-state cell

construction using a solid-state electrolyte.”

Solid-state electrolytes work in the same way to their liquid alternatives, where instead of a
cation travelling through the liquid medium between the relative electrodes, it can instead
diffuse through an anionic lattice.®’” A variety of different materials have been investigated
for use as solid-state electrolytes, for example, ceramics, polymers and ionic salts. Some have
shown particular promise, such as the ceramic (LiioGeP2Si2) and the polymer (PAN -
Lio.33LaossTiO3) showing high ion conductivities.®° However, other properties are also
desired including mechanical flexibility, electrochemical stability, low cost, and ease of
manufacture. Recently, complex alkali metal borohydride salts have also shown promise with
high ion conductivities at or near room temperature (e.g. LiB11H14).2%1? Both Li- and NazB12H12
have been investigated as ionic conductors, which show step-function jumps in ionic
conductivity above temperatures when a structural phase change occurs, resulting in
enhanced anionic dynamics.'®** Reducing the symmetry of the anion tends to improve the
cationic conductivity, as seen by the ion conductivity of the decahydro-closo-decaborate
(B1oH10?7), and more dramatically, the 12-vertex mono-carborane (CB11H127). LiCB11H12 shows
a considerably higher ionic conductivity, 5 x 107* S cm™ at 160 °C against the symmetric
Li2B12H12, 2 x 107 S cm™ at 180 °C.*>Y7 Introducing a carbon atom favourably changes the
valency of the B12H12%™ anion from divalent to monovalent, which causes the anion to be more
weakly coordinating to the cation. The loss of anionic symmetry also affects the anion
dynamics in the structure to be more polar, allowing for lower activation energies for cation
migration.'®° It has been reported that the lowering of activation energy may be due to

cations migrating through an anionic lattice with a “paddle wheel” mechanism.?%-%2

The mono-carborane (CB11H127) has recently been synthesised to provide a low-cost chemical
pathway to a polar weakly-coordinating anionic salt.2> More recently, other substitutions to
the closo-borate anion have been explored with group 14 elements such as tin (Sn) and lead
(Pb) being substituted as opposed to carbon (C).?#?> These compounds were synthesised by

heavy metal atomic insertion into a Bi1Hi4™ precursor, but unlike CB11H1;~, the stanna-
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(B11H11Sn?") and plumba-closo-borates (B11H11Pb?") were divalent due to the lack of a metal-
hydrogen group akin to the C-H group in the carborane. Both substituted borates
demonstrated excellent ionic conductivity: Li2B11H11Pb was 7 x 1073 S cm™ at 120 °C and
Li,B11H11Sn was 8 x 103 S cm™! at 130 °C, but both were lower than the carborane at
equivalent temperatures.?* The lower ionic conductivity in the metallo-closo-borates may be
related to their divalence, causing stronger cation-anion coordination, but may also be related
to the fact that the mono-carborane undergoes a polymorphic phase transition to a more

dynamic structure, which improves the ion conductivity.2®

As a result, the aim of this research is to synthesise and characterise monovalent metal
substituted 12-vertex borate salts and investigate their solid-state ion conductivity. In order
to synthesise a monovalent anion, group 15 elements (Sb or Bi) were introduced into the
anion cage. The ability for group 15 elements to reach a higher oxidation number, +5, in
comparison to +4 for group 14 elements, allowed the overall charge of the anions to be -1
rather than -2. All of the substituted heavy metals are not protonated, unlike the B in
unsubstituted Bi2H12?~ and C in the CB11H12™ anion, hence the need for a higher oxidation

number to reach the desired valence.

5.3 Experimental

Computational calculations were performed using Density Functional Theory (DFT) using the
B3LYP hybrid functional with a LanL2MB basis set, to compute the large Sb and Bi atoms. The
computations were performed using the Gaussian GO9W software, optimising geometry and
anion energy. This was used to calculate computational Raman spectra for the respective
anions. Electrostatic Potential (ESP) surfaces were mapped at an isovalue of 0.008

electrons/bohr3 (5.40 x 10%8 electrons/m?3).

Nuclear Magnetic Resonance (NMR) spectroscopy was performed using a Bruker AVANCE Il
400 MHz spectrometer (128.4 MHz for 1'B) with chemical shifts referenced to BFs-OEt; and

tetramethylsilane (TMS), respectively, using a CD3CN solvent (Sigma-Aldrich, 99.8% D).
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Differential scanning calorimetry — Thermogravimetric analysis (DSC-TGA) was performed
using a Netzsch STA 449 F3 Jupiter. The materials (~ 5 mg) were sealed in an aluminium
crucible with a pinhole pierced in the lid and heated from 40 — 350 °C (10 °C min~!) under an
argon flow of 40 mL min~2. The sensitivity and temperature of the DSC was calibrated using
In, Zn, Sn, Bi and CsCl reference materials, resulting in a temperature accuracy of £ 0.2 °C.
Residual Gas Analysis was performed on the gases released during the DSC-TGA heating using
a quadrupole mass spectrometer (RGA-300, Stanford Research Systems) operating under high

vacuum (~ 1 x 1073 mbar) through a bleed of the DSC-TGA flow gas.

Electrochemical Impedance Spectroscopy (EIS) was measured using a ZIVE SP1 instrument.
The materials were pressed into pellets, with a diameter of 6 mm and thickness of ~ 1 mm,
by applying a pressure of 1000 kg in an inert argon atmosphere. A pellet was placed between
2 gold wafers (0.1 mm thickness) and loaded into a sealed Teflon Swagelok-type cell with
stainless steel electrodes under argon and data were collected using 50 mV AC from 1 MHz
to 10 Hz. The temperature of the cells was kept isothermal at each temperature and
monitored using a K-type thermocouple. To calculate the ion conductivity (o) from the data,

the x-intercept (Rreal) Of the resulting Nyquist plot was determined using a known method.?”

Powder X-ray diffraction (XRD) characterisation was performed using a Bruker D8 Advance
diffractometer equipped with a copper X-ray source Cu Ko radiation, A = 1.540593 A, Cu
Koz radiation, A = 1.544414 A and a Lynxeye PSD detector in Bragg-Brentano geometry. Data
were collected in the 26 range from 5° to 80° with a step size of 0.02°. Powder samples were
prepared into a flat-plate in an argon filled glovebox and the packed material was covered

with a MYLARE® film and sealed with grease to prevent contact with air and moisture.

Raman Spectroscopy was performed using a WITec Alpha 300 SAR confocal Raman
microscope with 600 grating mm~ and a 532 nm green light excitation wavelength. Samples
were prepared in an argon filled glovebox to prevent contamination with moisture or air and
sealed in 1 mm borosilicate capillaries. Raman spectra were collected using 100
accumulations with an integration time of 400 ms. Data processing was performed including

background subtraction using Project 4 (WITec) software.

Energy dispersive X-Ray Spectroscopy (EDS) was performed using a Zeiss Neon 40EsB scanning

electron microscope. Powder samples were loaded on carbon tape mounted on an aluminium
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stub. Samples were covered in a custom made air sealed container then placed inside the air
free atmosphere SEM, preventing air exposure. The acceleration voltage used was 20 kV at a
working distance of 7 mm and an aperture size of 60 mm. The data was analysed using the

Aztec, version 5.1 software.

Lithium closo-dodecaborate tetrahydrate (>98%, Katchem), lithium hydroxide (98%, -4+14
mesh, anhydrous, Alfa Aesar), sodium hydroxide (anhydrous reagent grade, 298%, pellets,
Sigma-Aldrich), n-butyllithium (2.5M in hexane, Sigma-Aldrich), tetrahydrofuran (299%,
anhydrous, contains 250 ppm BHT as inhibitor, Sigma-Aldrich), acetone (Unilab) triethylamine
(299.5%, Sigma-Aldrich), antimony (lll) chloride (98%, Sigma-Aldrich), bismuth (lll) chloride
(>98%, Sigma-Aldrich), and hydrochloric acid (37%, Fisher) were all used as purchased or
diluted to desired concentrations using Milli-Q water. (CHs)sNHB11H14 was prepared using the
method of Dunks et al. from sodium borohydride (98% (0.5% MgCOs), Sigma-Aldrich) and 1-
bromopentane (98%, Sigma-Aldrich) in diglyme (99.5%, anhydrous, Sigma-Aldrich).?® The
synthesis involves dissolving sodium borohydride in diglyme followed by the drop-wise
addition of 1-bromopentane at 105 °C for 4h, and subsequent room temperature
precipitation from water using trimethylamine hydrochloride (MesNHCI, 98%, Sigma-Aldrich).
All samples were prepared and stored under an inert argon atmosphere using either Schlenk

techniques or an mBraun glovebox (< 1 ppm H20 & O,).

5.3.1 Synthesis of LiB11H11Bi

MesNHB11H14 (0.75 g, 3.88 mmol) was dissolved in anhydrous tetrahydrofuran (THF) (30 mL)
and cooled to 0 °C before n-butyllithium (6 mL) was added dropwise and the solution was
stirred for 15 minutes under an inert Ar atmosphere. Bismuth (lll) chloride (2.26 g, 7.17 mmol)
dissolved in THF (15 mL) was added dropwise to the pale yellow solution at room
temperature. The solution turned black instantaneously and was stirred for a further 15
minutes at room temperature before being refluxed for 4 hours at 65 °C. Water (4 mL) was
added then the solvent was removed in vacuo. The residues were dissolved in water and the
mixture filtered in vacuo and the resulting yellow liquid filtrate was dried in vacuo. The

resultant solid was dried in vacuo at 150 °C leaving a pale yellow, highly hygroscopic solid,
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which was stored under argon, LiB11H11Bi (0.677 g, 1.96 mmol, 50 % vyield). 1B {*H} NMR (128
MHz, CD3CN) +11.5 ppm (s, 1B, B1), -6.4 ppm (m, 5B, B7-B11), -7.8 ppm (s, 5B, B2-B6)).

5.3.2 Synthesis of NaB11H11Bi

LiB11H11Bi (0.282 g, 0.82 mmol) was dissolved in water (6 mL) and passed through a column
containing Amberlite® IR 120 hydrogen form ion exchange resin (Sigma-Aldrich). The resulting
acidic solution was treated with the sodium hydroxide until pH 7. The water was removed in

vacuo at 150 °C leaving the desired product, Na;B11H11Bi (0.181 g, 61 % vyield).

5.3.3 Synthesis of MB11H11Sb (M = Li or Na)

(Mes3)sNHB11H14 (0.821 g, 4.25 mmol) was dissolved in anhydrous THF (80 mL) and
triethylamine (2.4 mL) was added before stirring for 15 minutes under an inert Ar
atmosphere. Antimony (lll) chloride (1.21 g, 5.3 mmol) dissolved in THF (15 mL) was added
dropwise to the pale yellow solution at room temperature. The solution turned red
instantaneously, then brown, and was stirred for a further 12 hours at room temperature.
The solvent was removed in vacuo resulting in a brown oil. Lithium or sodium hydroxide (1 M,
20 mL) was added then the solution was heated to 80 °C for 2 hours whilst stirring and the
resultant orange solid was filtered in vacuo. The filtrate was neutralised to pH 7 using HCl and
a yellow solid formed. This was filtered in vacuo and the filtrate dried in vacuo. Acetone (20
mL) was added to the resulting solid and the insoluble LiCl by-product was filtered in vacuo.
The filtrate was dried in vacuo at 80 °C for 5 hours leaving a pale yellow, highly hygroscopic
solid, which was stored under argon, LiB11H11Sb (0.174 g, 0.67 mmol, 16 % yield), NaB11H11Sb
(0.280 g, 1.02 mmol, 24 % yield). *'B {*H} NMR (128 MHz, CD3CN) +9.7 ppm (s, 1B, B1), -8.6
ppm (m, 5B, B7-B11), -9.2 ppm (s, 5B, B2-B6).
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5.4 Results and Discussion

Various substituted (CBi1Hi2", BiiH11Pb?", B11H11Sn?") 12-vertex closo-borate cages have
previously been synthesised and their alkali metal salts have shown to have promise as solid-
state electrolytes.?3=2°> The polar nature of the anion is thought to be partially responsible for
the structural reorientational dynamics observed at elevated temperatures. Computing the
electropotential surfaces of B11H11Bi~ and B11H11Sb™ using DFT shows the charge profile within
the anions are similar to the carborane, with the heteroatom (C-H, Sb, Bi) being more positive
than the borane end of the anionic cage (Figure 5.1). The charge profiles of the divalent Pb
and Sn substituted anions were more negatively charged and anisotropic.24#?° As the carbon
atom in the carborane is protonated, the overall length of the anions (H1 — CH, Sb or Bi) are

similar, despite the much larger and more diffusely charged Sb and Bi atoms.

CBuHi2 By H;:Sb- BuHuBi"

Figure 5.1. Electrostatic potential and structures without hydrogens of various anions using Density
Functional Theory (DFT) and a B3LYP/LanM2MB basis set (Total Self-Consistent Field (SCF) Density
(isovalue = 0.008)). NOTE: Hydrogen atoms are not shown for clarity, but the carbon atom in

CBi11H1;™ is protonated whereas the Bi and Sb atoms are not.
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The synthesis of B11H11Bi~ and B11H11Sb™ salts follow the same basic pattern, MesNHB11H14 is
reacted with a base (nBuli for B11H11Bi~ and EtsN for B11H11Sb™) in THF under an inert argon
atmosphere. The resulting mixture is reacted with the respective metal (lll) chloride and then
worked up to form the respective alkali metal salt. These methods are adapted from that
reported in the 1990 paper by Little et al., modified in order to isolate the lithium and sodium
salts.3® These compounds were successfully synthesised as seen in the B {*H} NMR (Figure
5.2). The NMR spectra shows 3 district boron environments for both synthesised compounds
in comparison to Bi12H12%2™. B11H11Sb™ shows a distinct 1:5:5 ratio which correlates to the 3
boron environments clearly seen in the anionic structure (Figure 5.1). The first resonance at
9.7 ppm corresponds to the antipodal boron (B1) and the two other resonances at -8.6 and
-9.2 ppm correspond to B7-B11 and B2-B6 respectively, as seen in previous research.3° There
are some minor impurities in the as-synthesised compounds, such as the starting material,
B11H147, at -14.0, -15.6 and -16.9 ppm respectively.3! The B11H11Bi~ sample shows a spectrum
with less impurities with only a minor B11H13OH™ impurity (-14.1, -22.9, -11.0, -39.3, 18.0,
-28.9 and -9.7 ppm respectively).3? The spectrum also shows a 1:5:5 integration with some

variation in peak intensity due to different broadness of the respective resonances.
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Figure 5.2. 1B {*H} NMR spectrum of NaB1:H11Bi, NaB1:H11Sb and Li»B1;H12 in CDsCN — NaBi1H11Bi:
11.5 ppm (s, 1B, B1), -6.4 ppm (m, 5B, B7-B11), -7.8 ppm (s, 5B, B2-B6). NaB1;H11Sb: +9.7 ppm (s,
1B, B1), -8.6 ppm (m, 5B, B7-B11), -9.2 ppm (s, 5B, B2-B6). Li,B1;H12: =15.5 ppm (s, 12B). The colour

corresponds to the relevant boron atoms in the structure.
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Raman spectroscopy was performed on powder samples under an inert atmosphere to
further confirm the synthesis of the respective compounds (Figure 5.3). Both the antimony
and bismuth salts show similar spectra due to their similar anionic structures. They show a
low frequency peak at ~ 240 cm™, which corresponds to the M-B stretch (M = Bi, Sb),
confirmed using DFT, which is not seen in the experimental spectra of the mono-carborane
as seen in Figure 5.3. This is at such low frequency due to the heavy metals involved in the
bond. The additional B-C mode in the mono-carborane is at a similar frequency to the B-B
modes so is difficult to differentiate. There are also 4 other main signals seen in the fingerprint
region of the spectra at ~ 450, 580, 710 cm™, which correspond to bond excitations within
the anionic cage itself. Finally, the strong resonance at 2500 cm™ corresponds to the B-H
stretch. When these spectra are compared with the computationally generated spectra, they
principally agree with each other, but as is typical, the spectra do show some wavenumber

shifts in comparison to the experimental spectra.
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Figure 5.3. Raman spectroscopy of as-synthesised NaBi1H11Sb, NaB1:H11Bi and Zn(CB11H12)2
performed in an inert argon atmosphere compared with computational spectra of the B1;H11Bi” and

B11H11Sb™ anions. Zn(CB11H12), was synthesised from the method used by Berger et al.?°.
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Differential scanning calorimetry (DSC) was performed on the as-synthesised closo-borates to
ascertain the thermodynamic events that occur along with any mass losses observed with
thermogravimetric analysis (TGA). LiB11H11Sb shows a large exothermic peak (or peaks)
starting at 110 °C, which also coincides with a mass loss seen in the TGA data (Figure 5.4a).
The exothermic peak likely corresponds to decomposition of the sample as desolvation is
usually endothermic. Due to the relatively low temperature of this event, it was ensured that
temperatures above 80 °C were not used in the synthesis of the compound. NaB11H11Sb shows
an exothermic peak at 230 °C, which also corresponds to a sharp drop in mass in the TGA
(Figure 5.4b). This event likely also corresponds to decomposition. A similar trend in
decomposition is seen in the bismuth containing salts, where LiB11H11Bi shows a strong
exothermic peak at 220 °C, which corresponds with a mass loss in the TGA plot (Figure 5.4c).

Similarly, NaB11H11Bi shows an exothermic peak starting at 350 °C (Figure 5.4d).
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Figure 5.4a. DSC-TGA spectra of LiB1;H11Sb heated to 450 °C at 10 °C min™. b. DSC-TGA spectra of
NaB1:H11Sb heated to 450 °C at 10 °C min™2. ¢. DSC-TGA spectra of LiB1;H11Bi heated to 450 °C at 10
°C min~t. d. DSC-TGA spectra of NaBi;H11Bi heated to 450 °C at 10 °C min™.

Powder X-Ray Diffraction (XRD) was performed on each material. The XRD pattern for
LiB11H11Sb (Figure 5.5a) shows a lithium chloride impurity, which is a by-product formed
during synthesis that was not completely removed. Most importantly, a low angle amorphous
peak (18.5° 20) is also present, which shows that the as-synthesised LiB11H11Sb is amorphous

and not crystalline, unlike most other closo-borate compounds.33 The use of NMR and Raman
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spectroscopy proves the presence of LiB11H11Sb in the sample, but it is possible that the
structure is amorphous due to partial solvation of the cation, which cannot be further

desolvated due to the low temperature decomposition (> 110 °C) as shown by DSC-TGA.

The XRD pattern of NaB11H11Sb shows the presence of some Sb,0s-xH,0 by-product, but as
with the lithium salt, the desired product, NaB11H11Sb, is amorphous. The presence of the
desired product is confirmed by other techniques as mentioned with the lithium salt and is
further reinenforced by the EDS analysis of the material (Figure C1). It shows a large intensity
of boron and sodium alongside oxygen and antimony reinforces the bulk material being

NaB11H11Sh, along with NMR and Raman spectroscopy results.

The XRD patterns for LiB11H11Bi and NaB11H11Bi show some additional crystalline phases along
with potential amorphous humps, which could not be indexed nor identified as any known
crystalline Li/Na-B-O-H-CI-Bi material. It is believed that these crystalline peaks arise from the
as-synthesised compounds themselves, as reinforced by the EDS spectra for these
compounds. In addition, the NMR and Raman spectra show that the materials were
synthesised, although the low intensity of the crystalline peaks in XRD data may indicate a
large amorphous fraction. Further XRD investigation into these compounds and related high
temperature phase changes can be identified using in-situ XRD studies using a temperature
ramp. It may even be possible to perform XRD of as-synthesised compounds dried at room

temperature, to see if more hydrated compounds are more crystalline.
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Figure 5.5a. XRD spectrum of LiB11H11Sb covered by a MYLAR® film. A = 1.54056 A. Figure 5.5b. XRD

spectrum of NaB11H1:Sb covered by a MYLAR® film. Figure 5.5c. XRD spectrum of LiB11H11Bi covered

by a MYLAR® film. Figure 5.5d. XRD spectrum of NaB11H11Bi covered by a MYLAR® film.
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The ionic conductivity of the stiba and bisma-closo-borate salts were measured using EIS as a
function of temperature. Both LiB11H11Sb and LiB11H11Bi show low ion conductivity at 30 °C,
below 1 x 108 S cm™ (Figure 5.6a). This is lower than other substituted borohydride cluster
salts such as Li;B11H11Sn and Li;B11H11Pb and far lower than the best performing lithium
borate salt, LiCB11H12.*> The ion conductivity improves with temperature for both compounds
reaching a maximum for LiB11H11Sb of 8 x 107 Scm™ and 8 x 10™ S cm™ for LiB11H11Bi. This is
possibly due to the decomposition of the material seen in the DSC-TGA analysis. This is also
substantially lower than both the unsubstituted Li2B12H12 (2 x 1072 S cm™ at 200 °C) and other
substituted borohydride salts, LiCB11H12 (1 x 1071 S ecm™ at 120 °C) and Li2B11H1:Pb (1 x 1072 S
cm™tat 110 °C).%* It is difficult to analyse why the ionic conductivity is poor for the LiB11H11Sb
and LiB11H11Bi salts without a crystal structure. It may be that the Li* cation is bound relatively
strongly to the rather electronegative metal in the anion (Figure 5.1). It is clear that the mono-
carborane shows a more distinct electrostatic dipole within the anion and undergoes a low
temperature phase transition which aids ion conductivity.’>?®3% The lack of these
thermodynamic events seen in the DSC analysis show that this is not the case with LiB11H11Sb

and LiB11H11Bi.

The sodium salts show much better ionic conductivity at room temperature than their lithium
analogues, with NaBi1H11Sb having a better ionic conductivity at room temperature than
other sodium salts of heavy metal substituted borates (Figure 5.6b). NaB11H11Sb has an ionic
conductivity ~ 1 x 10 S cm™ in comparison to 1 x 108 S cm™ for NaBi11H11Bi and literature
compounds NazB11H11Sn (3 x 10° S cm™) and Na2B1:1H11Pb (8 x 10° S cm™).2* NaB11H11Sb
show great promise in fact as this reaches superionic conductivity (above 1 x 1073 S cm™) at
90 °C up to a maximum of 1 x 102 S cm™ at 150 °C. NaBi11H11Bi also reaches superionic
conductivity at 140 °C, reaching a maximum of 2 x 103 S cm™ at 170 °C. NaB11H11Sb shows
impressive ionic performance, which is even an improvement on NaCB11H12 from 50 — 90 °C,
which is the borohydride salt with the current best performance in its pure state.'2 However,
at elevated temperature NaCB11H1> shows better performance to a maximum of 1 x 1071 S
cm™ at 120 °C due to a change in cation dynamics, which arises from a polymorphic phase
change.’® The improved performance of sodium salts compared with the lithium salts is also
seen with other cluster borohydride salts such as the BigH10?" salts.’”3> This is due to the

relationship between the size and charge density of the cation, which allows the cation
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diffusion through the anionic lattice to be easier and therefore have a higher ionic

conductivity.
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Figure 5.6a. lon conductivity of LiB11H1:Sb and LiB1;H11Bi and comparable salts from literature. lonic
liquid — LiBF4/EMIB,4.2>243637 Figure 5.6b. lon conductivity of NaBi;H1:Sb and NaBi;H1:Bi and

comparable salts from literature. lonic liquid — LiBF4/EMIB,.1>243637
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5.5 Conclusions

A variety of heavy metal substituted, monovalent cluster borohydride salts were successfully
synthesised from trimethylammonium nido-undecaborate, confirmed using NMR and Raman
spectroscopies. NaBiiH11Sb shows high ionic conductivity with superionic conductivity
reached above 90 °C to a maximum of 1 x 102 S cm™ at 150 °C, which is higher than
NaCBi11H12, the previous best performance for a cluster borohydride salt. NaB11H11Bi reaches
superionic conductivity at 140 °C reaching a maximum of 2 x 1073 S cm™ at 170 °C. These
monovalent sodium salts show increased performance to their lithium analogue possibly due
to the lower charge density of the sodium ion being preferential to lithium. This indicates that
the electrostatics could be more of a factor when it comes to diffusion activation energy than
the size of the cation. The room temperature conductivities of these samples are

comparatively low compared to other substituted borohydride cluster salts.
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CHAPTER 6 - Summary Discussion

This thesis has focussed on the synthesis and conductive performance of various alkali metal
salts of heavy metal substituted closo-dodecaborate anions. The synthetic methods for these
novel salts were adapted from their relevant literature methods. These prior methods only
produced the desired anions with bulky organic cations and isolation of their alkali metal salts
was novel to the present study. These were successfully synthesised from an initial NaBHa
precursor. Each synthesis starts by self-condensing NaBH4, forming NaBi1H14, then reacting
with a base and the appropriate heavy metal halide. Synthesising the B11H11Pb? salts uses
aqueous conditions using a metal hydroxide as the main base alongside lead (ll) chloride. The
other salts were all synthesised using a non-aqueous route using n-butyllithium as the base
for B11H11Sn% and Bi11H11Bi salts and triethylamine for B1;H11Sb™ salts. These salts were all
synthesised with a small metal chloride impurity, formed during the isolation process, which
was detected using XRD. However, this was not thought to be detrimental, due to the fact
that inert non-conductive additives have previously been used to improve conductive
performance.® All of the as-synthesised compounds were shown to be crystalline via XRD

apart from LiB11H11Sb, which was found to be amorphous at room temperature.

The main aim of the research was to screen these compounds as potential solid-state
electrolytes by measuring the ion conductivity of the samples at different temperatures.
Figure 6.1 shows the ion conductivity of all synthesised lithium and sodium salts compared
with similar compounds and the current best cluster borate ion salts, CB11H12™.%3 The lithium
salts show good ion conductivities, especially at temperatures above 100 °C. Li;B11H11Pb and
LizB11H11Sn show superionic conductivity above 80 °C and 110 °C respectively, however, the
monovalent lithium salts do not reach this level of performance. Furthermore, the
conductivity of the lithium samples is poorer than the state-of-the-art LiCB11H12 and the
incumbent ionic liquid LiBF4/LIEMBF; at all temperatures, as a result, despite showing

promise, these samples do not show an improvement on modern technologies.*

The sodium salts show improved performance compared to their lithium analogues when
compared to similar compounds found in literature. Na;B11H11Sn and NaB11H11Bi both achieve

superionic conductivity at high temperatures above 150 °C, whereas, Na;B11H11Pb does not
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achieve superionic conductivity within the temperature parameters possible in this study. In
comparison, NaB11H11Sb shows superionic conductivity at only 80 °C. This is an improvement
on the best performing cluster borate sodium salt NaCB11H12, with NaBi1H11Sb showing
improved conductive performance between 50 and 100 °C. However, above this temperature
the carborane shows better performance. This is due to a polymorphic phase transition into
a highly conductive high temperature polymorph. All of the heavy metal substituted borate
salts synthesised in the thesis do not undergo a phase change near ambient conditions and
as a result they do not achieve the very highest levels of conductivity, which is shown in the

carborane salts.
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Figure 6.1. lon conductivity of LiB11H11Sb and LiB11H11Bi and comparable salts from literature. lonic
liquid — LiBF4/EMIB4.* Figure 5.6b. lon conductivity of NaB11H1:Sb and NaBi1H1:Bi and comparable

salts from literature. lonic liquid — LiBF4/EMIB,.

Heavy metal substituted borate salts have been shown to have an improvement in conductive
performance to the unsubstituted Bi2H12? salts, with the sodium salts shown to achieve vastly
higher ion conductivities at temperatures over 80 °C. Divalent lithium salts show improved
performance over LizB12H12 between 100 — 130 °C, however, the substituted compounds see
decreased performance and decomposition above this temperature. Despite good conductive
performance for the compounds synthesised in this thesis, they are not suitable for use a
solid-state electrolytes in room temperature application due to their low conductive at these

temperatures. However, they provide insight into the mechanisms and trends for ionic
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conductivity within weakly coordinated anionic salts, possibly allowing for better rational

design of other materials in the future.
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CHAPTER 7 - CONCLUSION

This thesis focussed on developing and testing new materials that show promise as solid-state
ion conductors for potential battery applications. A variety of metallo-closo-dodecaborate
salts were successfully synthesised from sodium borohydride via trimethylammonium nido-
undecaborate. The methods used were adapted from literature synthesis routes to produce
novel group 1 metal salts. These salts were characterised and screened as potential solid-
state electrolytes through a variety of physical techniques, such as NMR, FTIR, XRD, thermal

analyses, and electrochemical techniques such as EIS and LSV.

Plumba-closo-dodecaborate salts were chosen to be investigated due to the polar nature of
the anion, akin to the state-of-the-art CB11H12™ salts, as calculated using electrostatic potential
surfaces. The crystal structures of the different group 1 metal salts were dissimilar as
determined by SR-XRD. The space group of Li;B11H11Pb was identified as P4,nm (102),
however, the full crystal structure could not be identified due to the large disparity in the
scattering power of the large Bi1H1:Pb?™ anions and small Li* cations. LizB11H11Pb shows
superionic conductivity (=1 x 103 S cm™) from 90— 120 °C to a maximum of 7 x 103 S cm™ at
120 °C. At higher temperatures, the material desolvates, releasing water as confirmed from
RGA-MS. The sodium and potassium salts show comparatively poor performance with low ion
conductivity. Although, the plumba-closo-dodecaborate anions were polar, similar the
carborane, they possessed a divalent charge, which may have limited ion conductivity through

strong electrostatic cation-anion bonding.

In a similar fashion, a library of group 1 metal stanna-closo-dodecaborate salts were
successfully synthesised and confirmed using !B and 'H NMR spectroscopy along with
computational and experimental Raman spectroscopy. NaxBi1H11Sn and K;B11H11Sn shows
polymorphic phase transitions at 200 and 250 °C, respectively, and a decomposition event at
340 °C for LizB11H11Sn as confirmed by SR-XRD and DSC analysis. The high temperature
polymorph of K;B11H11Sn could be indexed to have an orthorhombic space group but further
structural information, for example, full crystal structures for these compounds was not
possible. Li;B11H11Sn showed high ion conductivity above 1 mS cm™ between 110 and 130 °C,

however the conductivity reduces above this temperature due to desolvation, seen in the in-
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situ-SR-XRD pattern. In addition, Na;B11H11Sn shows superionic conductivity above 170 °C,
however both this and the conductivity of lithium salt were lower than the respective

monovalent CB11H1;™ salt, the current cluster borohydride salts with the best performance.

To investigate other monovalent polar anions, stiba- and bisma-closo-dodecaborate salts
were synthesised from trimethylammonium nido-undecaborate, as shown by NMR and
experimental Raman spectroscopy. The stiba borate salts were shown to be amorphous by
XRD analysis, whereas the bisma salts were unable to be indexed. However, the high intensity
of boron in the EDS analysis of NaBi1H11Sb proves that the bulk material is the desired
compound, although non-crystalline. The room temperatures ion conductivity of these
samples are comparatively low compared with their contemporaries, however, improve at
high temperatures. NaB11H11Sb shows excellent superionic conductivity above 90 °C to a
maximum of 1 x 102S cm™ at 150 °C, which is higher than the best borohydride cluster sodium
salt, NaCBiiHi2. In addition, NaBiiH11Bi shows superb performance with superionic
conductivity at 140 °C reaching a maximum of 2 x 103 S cm™ at 170 °C. The lithium salts show
comparatively low ion conductivity with respect to the sodium salts. This could be due to the
lower charge density of the sodium ion being preferential, as a result, this could mean the

electrostatics may be a greater factor in the diffusion energy of the cations rather than size.

The new class of compounds investigated in this thesis have shown that there is great promise
in the rational design of new ion conductors for solid-state battery applications. Based on the
body of literature and the results presented we are beginning to see trends in the structural
nature of ion conductors with their ionic conductivity. The efforts herein to design polar
anions showed some success, but the most favourable ion conductivity came from designing
monovalent, weakly-coordinating anions that allowed for higher ion conductivity in general.
It is clear the many other novel borate anions remain to be investigated as ion conductors,
with great potential in achieving room temperature superionic conductivity with a pure alkali

salt.

In conclusion, this project has synthesised a multitude of new compounds with the aim of
screening them as possible solid-state ion conductors. Further work into these specific
compounds could involve using these materials to construct full battery cells with a metal

anode and an appropriate cathode material. Despite some impressive ion conductivities, the
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oxidative stability of some of the metallo-borane salts was lower than expected, which may

impact the long-term performance of solid-state batteries based on these new materials.
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Appendix A

Supplementary Information for
“Investigating the potential of alkali metal
plumba-closo-dodecaborate (B11H11Pb?)

salts as solid-state battery electrolytes”
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APPENDIX A

—— Background signal
- LizBﬂHﬂPb
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Figure Al. !B NMR data demonstrating the boron signal in the background due to the borosilicate

probe coil inserts in the NMR instrument.
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Figure A2. Nyquist plot of Li,B;1H11PbexH,0 at 90 °C

6000

Table Al. Atomic Coordinates of B11H1:Pb? as calculated using Density Functional Theory (DFT) and a

B3LYP/LanM2MB basis set (Total Self-Consistent Field (SCF) Density (isovalue = 0.008)) on Gaussian

09.
Atom X y z
H1 -2.67220 1.23330 -2.23880
H2 -2.67280 -1.74790 -1.86510
H3 -2.67270 -2.31390 1.08640
H4 -2.67200 0.31790 2.53650
Bl -2.13750 0.73410 -1.33240
B2 -2.13740 1.49470 0.28650
B3 -2.13740 0.18930 1.50970
B4 -2.13790 -1.37740 0.64650
B5 -2.13790 -1.04050 -1.11000
H5 -2.67220 2.51100 0.48110
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H6 -0.30210 2.45190 -1.15160
H7 -0.30250 -0.33700 -2.68740
H8 -0.30200 -2.66030 -0.51010
H9 -0.30210 -1.30810 2.37180
B6 -0.65670 1.09450 1.16760
B7 -0.65670 1.44870 -0.68010
B8 -0.65680 -0.19950 -1.58740
B9 -0.65650 -1.57160 -0.30150
B10 -0.65650 -0.77280 1.40110
H10 -0.30200 1.85230 1.97650
B11 -3.06710 0.00030 0.00020
H11l -4.23150 0.00040 0.00030
Pb1l 1.27190 0.00000 0.00000
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Figure A3. FTIR spectra (ATR) of as-synthesised alkali metal B11H11Pb? salts and (PhsP);B11H1:Pb
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Figure Ada. *H NMR spectrum of Li,B1:H11Pb in CDsCN. Figure A4b. 1B {*H} NMR spectrum of

LiB11H11Pb in CDsCN. Figure A4c. 1'B NMR spectrum of Li;B11H11Pb in CDsCN-5.4 (t, 1J115_207p, = 263
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Hz, 5B), -10.8 (d, LJ*'8-v = 166 Hz, 5B). Figure A4d. *H NMR spectrum of Na,B1;H11Pb in CD;CN.
Figure Ade. 1B {*H} NMR spectrum of Na;B1;H11Pb - 5.4 (t, 1J113-207,, = 263 Hz, 5B), -10.8 (d, }J*!e-tn
= 166 Hz, 5B). Figure A4f. 1B NMR spectrum of Na,B11H1:Pb in CD3sCN. Figure Adg. 'H NMR spectrum

of K;B11H11Pb in CDsCN. Figure Adh. g {1H} NMR spectrum of K;B11H11Pb in CD3CN - -5.4 (t, 1115 207,
=263 Hz, 5B), -10.8 (d, YJ*!8-'H= 166 Hz, 5B). Figure A4i. 1B NMR spectrum of K;B11;H11Pb in CDsCN.

Figure Adk. !B {*H} NMR spectra of Li,B11H1:Pb in CD3sCN after heating the material in vacuo to 100,
150, 200 and 310 °C.
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Figure A5. DSC spectra of Li,B11H11Pb, Na;B11H1:Pb and K;B11:H11Pb when cooling from 350 °C to 75 °C
at 10 °C min™.
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200 °C
Figure A6a. Temperature Programmed Photographic Analysis (TPPA) of Li.Bi11H11Pb at a

heating rate 5 °C min™! under an argon atmosphere

270 °C
Figure A6b. Temperature Programmed Photographic Analysis (TPPA) of Na;B11H11Pb at

a heating rate 5 °C min~* under an argon atmosphere.
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230 305 °C
Figure A6c. Temperature Programmed Photographic Analysis (TPPA) of K2B11H11Pb at

a heating rate 5 °C min™! under an argon atmosphere
Figure A6. Temperature Programmed Photographic Analysis (TPPA) of alkali metal

plumbadodecaborate salts at a heating rate 5 °C min~* under an argon atmosphere.
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Figure A7. Linear Sweep Voltammetry of Li,B11H11Pb at 60 °C with a scan rate of 50 uV s™* from 1.5

to 5 V to determine the oxidative stability limit.
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APPENDIX B
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Figure B1. Example of a Nyquist plot of Na;Bi1H11SnexH,0 at 90 °C, using an Rs-R1| Ci-W circuit

model.

Table B1. Atomic Coordinates of B13H1:Sn% ion

Atom No. X y z
Bl 0.255802 0.755762 0.881357
B2 0.205457 0.894609 0.780497
B3 0.372747 0.838548 0.775072
B4 0.371572 0.661241 0.785832
B5 0.201589 0.607139 0.794924
B6 0.100840 0.752155 0.796693
B7 0.110495 0.651556 0.650069
B8 0.112575 0.840286 0.642544
B9 0.294824 0.895553 0.627062
B10 0.403098 0.739727 0.631714
B11 0.289579 0.589437 0.644272
H1 0.262282 0.770772 0.998774
H2 0.172624 1.000000 0.823749
H3 0.459391 0.898628 0.829284
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H4 0.459451 0.596902 0.832650
H5 0.175126 0.513352 0.862449
H6 0.000000 0.747252 0.858852
H7 0.019250 0.590763 0.604969
H8 0.018325 0.903601 0.608425
H9 0.336478 0.993048 0.574005
H10 0.508037 0.741887 0.576607
H11 0.313340 0.478982 0.608365
Snl 0.233488 0.735628 0.482036
(b)
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Figure B2. Synchrotron XRD pattern of Li>B1:H1:Sn at (a) room temperature and (b) 230 °C. Diamonds

represent the peaks for LiCl. A = 0.59096(1)A.

139



200000 .

ity (a.u.)
(6]
o
o
o
o
I

100000 ﬁ .

Intens

50000

A, —

ol | o R =

N

N

o

o

o
1

| " "
6 8 10 12 14 16 18 20 22 24 26 28 30
Diffraction angle (26)

Figure B3. Synchrotron XRD pattern and Le Bail fit of Li,B11H11Sn at 230 °C. Experimental data as red
circles, calculated diffraction pattern as black line and the difference plot in blue. Tick marks show
positions for LiCl and Li,B11H115n, top to bottom respectively. A = 0.59096(1)A. Le Bail plot for
employed hkl's for Li,B11H11Sn generated using space group P42/ncm with unit cell parametersa=b

=9.8923(4), c = 10.4149(3) giving an Ry, = 2.141.
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Figure B4. Synchrotron XRD pattern of Na;B1;H11Sn at (a) room temperature and (b) 217 °C.
Diamonds represent the peaks for NaCl. A = 0.59096(1)A.
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Figure B5. Synchrotron XRD pattern of K,B11H1:Sn at (a) room temperature and (b) 278 °C. Diamonds
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Figure B6. Synchrotron XRD pattern and Le Bail fit of K;B1:H11Sn at room temperature. Experimental

data as red circles, calculated diffraction pattern as black line and the difference plot in blue. Tick
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marks show positions for LiCl and K,B11H11Sn, top to bottom respectively. A = 0.59096(1)A. Le Bail
plot for employed hkl's for K;B11H11Sn generated using space group P212:2 with unit cell parameters

a=11.7216(3), b = 8.1006(1), c = 12.0948(3) giving an Rwp = 6.505.
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APPENDIX C
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Figure C1. Example of a Nyquist plot of LiB11H11Sb at 50 °C, using an Rs-R1| C1-W circuit model.

Table C1. Atomic Coordinates of B11H1:Sb™ ion

Atom no. X y z
Bl 0.24007 0.51115 0.97344
B10 0.24015 0.93128 0.77807
B11 0.24006 0.87513 0.31809
B2 0.24017 0.42038 0.22928
B3 0.3207 0.54163 0.81713
B4 0.32058 0.35355 0.61509
B5 0.32069 0.48757 0.37373
B6 0.32068 0.75859 0.42663
B7 0.32068 0.79201 0.70073
B8 0.23995 0.19547 0.63441
B9 0.61186 0.28179 0.87028
H1 0.61178 0.76215 0.9643
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H10 0.6119 1 0.53624
H11 0.61187 0.66641 0.17805
H2 0.54535 0.36729 0.46482
H3 0.54539 0.40279 0.75756
H4 0.54536 0.69252 0.81429
H5 0.54541 0.83588 0.5563
H6 0.54542 0.63472 0.34034
H7 0.61172 0.22271 0.38447
H8 0.17846 0.58673 0.58663
H9 0 0.58677 0.58663
Sb 0.82032 0.58666 0.58666

Table C2. Atomic Coordinates of B11H11Bi" ion
Atom no. X y z

Bl 0.23191 0.36428 0.33949
B10 0.23191 0.27393 0.77847
B11 0.2321 0.66344 1

B2 0.23198 0.99454 0.69802
B3 0.30993 0.46805 0.45332
B4 0.30998 0.73345 0.42366
B5 0.30999 0.84368 0.66692
B6 0.31009 0.64634 0.84691
B7 0.30997 0.4142 0.71488
B8 0.23196 0.80962 0.28979
B9 0.58999 0.57639 0.2203
Bi 0.59002 0.22605 0.53972
H1 0.59004 0.42167 0.9718
H10 0.59009 0.89307 0.91911
H11 0.52717 0.84234 0.52094
H2 0.52719 0.59421 0.37986
H3 0.52712 0.38325 0.57214
H4 0.52719 0.501 0.83224
H5 0.5272 0.78491 0.80051
H6 0.5901 0.98852 0.45469
H7 0.17261 0.62117 0.62121
H8 0 0.62112 0.62123
H9 0.80298 0.62113 0.62114
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4

Figure C2. EDS Spectrum of NaB1;H11Sb.
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