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Abstract

Batteries offer the ability to store and release energy from renewable sources, whether
on or off-grid, enabling the decarbonisation of the global transport and energy sectors.
However, safety concerns regarding conventional lithium-ion batteries have placed
heavy restrictions around safety, affecting their deployment and energy density. All
solid-state batteries present themselves as a promising alternative to address these
concerns. However, persistent challenges, such as the growth and propagation of
lithium metal dendrites, hinder the widespread implementation of this technology.

High electronic conductivity in solid electrolytes has been identified as a source of
formation and propagation of these dendrites. Yet, the role of electronic conductivity,
the subsequent electrodynamics and its resultant impact on solid electrolyte properties
is currently an underexplored research area.

This thesis looks to further elucidate the fundamental role of electrical conductivity
and its effect on electrodynamics within lithium garnet solid electrolytes. Developing
a better understanding around these mechanisms of degradation may lead to future
solutions that further suppress failure mechanisms arising from the lithium metal
anode.

In this thesis, Chapter 1 introduces a general background on batteries, their
components, and the theory behind the fundamental mechanisms that govern the
electrochemical system. The all-solid-state battery is introduced, as well as lithium
garnet solid electrolytes and the current literature on dendritic growth and degrada-
tion mechanisms which can manifest from lithium metal anodes. Furthermore, the
literature surrounding electrolyte processing by tape casting and current advances in
film architectures are explored. A background to the experimental methods employed
during this thesis including structural, electrochemical, spectroscopic, processing,
and computational modelling techniques are provided in Chapter 2.

The first results chapter, Chapter 3, focuses on the introduction of differing
quantities of manganese into a lithium stuffed garnet system of general formula
Lig4LazTag¢Zr; 4 Mn,O15 (z = 0.035, 0.05, 0.07, 0.105). The subsequent synthesis
yielded composite solid electrolytes with an embedded secondary phase that held
a higher electrical conductivity. By employing complementary electrochemical and
spectroscopic methods, it was found that at low levels the secondary phase did not

affect the electrical conductivity of the composite solid electrolyte. Galvanostatic



cycling with lithium metal however revealed a change in electrochemical response,
arising from oxidation of the embedded secondary phase. Furthermore, at low
levels the secondary phase enhanced the properties of the solid electrolyte reducing
interfacial resistance and increasing the critical current density from 0.1 to 0.3 mA
cm~2. However, once a percolation threshold was reached, detrimental effects on the
characteristics of the system were observed with a highly resistive interface, revealing
that embedded secondary phases affect overall properties of a solid electrolyte.

Chapter 4 utilised X-ray diffraction computed tomography (XRD-CT) and finite
element method (FEM) to further uncover the local interplay between structure and
electrodynamics arising from the embedded secondary phase. XRD-CT revealed
a systematic decrease in weight fraction of the incorporated secondary phase fol-
lowing galvanostatic cycling, indicating electrochemical activity. Whilst the use of
FEM revealed that under an applied potential of 1 V| the current density at the
secondary phase was raised 6 x10™® pA um~2 more than the surrounding compos-
ite. Furthermore, the chapter draws together the results from the previous chapter
by discussing the consequences of the incorporated secondary phase with differing
electrical properties.

The development of composite solid electrolytes was further investigated in
Chapter 5, where a composite free-standing bilayer film was fabricated using tape
casting. The solid electrolyte film integrated both a mixed ionic electronic conducting
(MIEC) and a non-MIEC lithium garnet phase. To address initial challenges in
producing a dense free-standing film, Li;O, LiCl, LisPO4 and commercially available
Asahi glass (AVX) were examined as potential sintering aids. The most effective
sintering aid was found to be Li,O, increasing the density from ca. 43 % to 88 %.

A summary of the results and future work is presented in Chapter 6, where a
perspective is given on directions for further research into solid electrolyte composites

and how they may be used to enhance desirable solid electrolyte properties.
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Chapter 1
Introduction

As the world grapples with a growing need for energy and confronts the existential
threat of climate change, the necessity to reduce our dependence on hydrocarbon-
based energy has never been more critical. Confronted with the unprecedented
increase in CO4y and other greenhouse gases in the atmosphere, the pursuit of clean,
renewable, and sustainable energy solutions for power generation and transportation
has emerged as a crucial challenge of the 21st century. In response, governments
worldwide have undertaken significant actions to resolve the rise in global greenhouse
emissions, including expansions in solar and wind energy generation, alongside policy
initiatives aimed at phasing out internal combustion engines. Whilst positive, the
adoption of clean technology still presents several challenges. For instance, the
intermittent nature of solar and wind technologies can result in shortfalls during
peak demand periods and overproduction during off-peak times. To address this
issue, the deployment of efficient energy storage becomes crucial. Storing surplus
energy generated during low demand periods and bolstering based loads during high
demand phases the technology provides stability regardless of the intermittent nature
of solar and wind energy generation. Importantly, the use of energy storage not only
supports renewable energy generation but also has significant implications for the
transportation sector. It offers the opportunity to replace highly polluting internal

combustion engine cars with no-emissions, low pollution electric vehicles.

Batteries are the technology that is best placed to meet the demands of energy
storage for both these sectors. Scalability is a key factor that enables the successful
deployment in various applications, including large scale grid storage devices, batteries
for electric vehicles, and even microbatteries for small electrical devices. Some of
the most significant progress has been made in the transportation sector, where
the transition from internal combustion engine to highly efficient electric motors
has been facilitated by advancements in battery technology. The advantages are so
profound that numerous governments worldwide have committed to banning the sale

of internal combustion cars by 2040[1] alongside ambitious targets for the widespread
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adoption of batteries in maritime and aviation industries. With such a rapid and
significant shift in technologies, the need for a global research effort towards high
performing, cheap and sustainable batteries has never been more important.

In 1780, Italian physician, physicist, and biologist, Luigi Galvani, discovered that
the muscles of dead frogs legs contracted when hung from an iron railing with brass
hooks connected through the spinal cord.[2| Believing it to be a form of electricity
arising from the cells of the frog he coined the phenomenon "animal electricity".
Building on Galvani’s findings, fellow Italian physicist and chemist Alessandro Volta
initiated a series of experiments believing the observed phenomenon to be a result of
dissimilar metals joined by a wet conductive medium. By 1800 the first recorded
demonstration of an electrochemical battery was presented by Volta. Coined the
"Voltaic Pile’ the configuration involved the simple stacked configuration of individual
copper and zinc discs separated by brine soaked paper.|3] The stacked configuration
of individual galvanic or voltaic cell was able to generate a electric current by a
simple redox reaction.

By the early 1800s an iteration of the Volta’s pile was produced by Scottish
chemist William Cruickshank.[4] The "Trough battery’ devised a solution to problems
faced by the voltaic pile, namely electrolyte leakages, by placing copper and zinc
plates horizontally in a box. However, providing only a modest current and large
fluctuations in voltages, these early batteries did not provide an effective source of
electricity past a laboratory setting.|5]

A more reliable source of current and voltage was provided in 1832 by English
chemist John Frederic Daniell. With a theoretical open circuit voltage of ca. 1.1
V and a more stable current the 'Daniell cell’ became the first practical source of
electricity.|6] However, it was not until 1860 that the most commonly recognisable
battery was invented by French physicist Gaston Planté.|7| For the first time, the lead
acid battery provided a rechargeable electrochemical energy source with high currents.
The efficacy of the battery was such that after several iterations of improvement
the lead acid battery is still used to this day as primary energy source for starter
motors in internal combustion engine cars. Forty years later, as a direct competitor,
Swedish engineer and inventor Waldemar Junger created the NiCd battery achieving
higher current loads, energy density and longevity than the lead acid battery.|8]
More recently, the development of the nickel metal hydride battery (NiMH),[9] has
led to the global rise of the portable electronics industry.

M. Stanley Whittingham established the first use of a lithium energy storage device
in 1974. Conceiving intercalating electrodes, he demonstrated Li™ ion intercalation
between a TiSy anode and lithium-aluminium cathode.[10] Intercalation electrodes
refer to a material capable of accommodating ions between its layers or within its
structure during the process of charging and discharging in a battery. Allowing

for the reversible insertion and extraction of ions, making a battery rechargeable.
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Complementing his work in 1980, American chemist John B. Goodenough replaced the
cathode with a LiCoQOs.[11] However, real success was not realised until 1985, when
Japanese chemist Akira Yoshino replaced the lithium metal anode with carbonaceous
material fabricating the first lithium-ion battery for which he received a patent.|12]
The subsequent configuration was commercialised and mass-produced in 1991 by
Sony.[13] The impact of the invention of the lithium-ion battery on today’s society
has been so profound that in 2019, M. Stanley Whittingham, John B. Goodenough,
and Akira Yoshino were awarded the Nobel Prize in Chemistry.[14, 15]

In 2023, lithium-ion batteries permeate every aspect of modern life. From
portable electronics such as laptops, mobile phones, or headphones to power tools.
More recently, they have been leading the way in facilitating the transition from
internal combustion engine cars to electric vehicles. Initially pioneered by disruptive
companies like Tesla, this shift is now being adopted by the more established vehicle
manufacturers. To alleviate power grid fluctuations, large scale stationary energy
storage sites such as the 150 MW Hornsdale Power Reserve located in Australia are
being commissioned.[16] Set up to harness the energy created by the co-located wind
farm, the installation is aiding Australia’s transition to renewable wind and solar
energy. Not only are batteries aiding the energy transition for electric vehicles and
grid storage, they’re revolutionising the face of aviation, where in 2021 Rolls Royce’s
"Spirit of Innovation’ become the world’s fastest all-electric aircraft, reaching a top
speed of 555.9 km h™!.[17] Innovations have continued as, in 2022, the world’s first
all-electric ferry, the MS Medstraum, embarked on its zero-emission maiden voyage
from the port city of Stavanger, Norway.|18§]

The high energy and power densities of the lithium-ion batteries has positioned
them as the leading electrochemical storage device of choice. Consequently, with the
continuous rise in demand for battery performance, ambitious targets for have been
set to meet the needs of modern life. These targets aim to achieve volumetric and
gravimetric energy densities ranging between 750 - 950 Wh 17! and 320 - 360 Wh
kg1, respectively, by 2030.[19, 20| Meeting these ambitious objectives will require
further advancements in lithium batteries technology with current best performing
commercially available cells attaining practical gravimetric energy densities of ca.
270 Wh kg=1.[21, 22|

1.0.1 The Lithium-ion Battery

The conventional lithium-ion battery is a galvanic electrochemical cell that relies on
the transport of LiT ions between two opposing electrodes as displayed in Figure
1.1. Separated by a porous polymeric membrane, the two opposing electrodes. In
a electrochemical cell the electrodes are known as an anode and a cathode and are

immersed in an electrolytic solution. At the anode an oxidation reactions occur
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whereas at the cathode a reduction reaction. However, as in the case of a battery,
such as the Li-ion battery, both reactions may occur when the battery is charging or
discharging. As such it is better to refer to the electrodes as positive and negative;
where, the electrode with the higher potential than the negative is named as the
positive. The danger of using anode and cathode to identify the positive and negative
electrodes is that during discharge the positive electrode is a cathode and the negative
the anode. Conversely, on charge this is reversed and the positive electrode becomes
the anode whilst the negative electrode is the cathode. Within the battery community
however, the terms anode and cathode have become synonymous with identifying
the negative electrode as the anode, often graphite, whilst the cathode the positive
electrode often a layered transition metal oxide. For simplicity, from here on the
terms anode (negative electrode) and cathode (positive electrode) are used to identify
the electrodes in a Li-ion battery.

Operation of the electrochemical cell proceeds such that during discharge lithium
atoms at the anode are ionized into an organic lithium salt electrolyte and move
towards the cathode. Simultaneously, electrons move from the anode through an
external circuit to the cathode thus providing an electric circuit. Under an externally
applied current the process is reversed and Li" ions flow from the cathode back
to the anode in a process known as charging. This (de)intercaltion of ions results
in the insertion (intercalation) and extraction (dintercalation) of lithium ions from
the electrode structure. This movement of lithium ions between the positive and
negative electrodes induces a change in the oxidation state of the electrode materials.
In the case commercially available lithium-ion battery as seen in Figure 1.1 the

electrochemical half reactions may be defined as:
At the negative (anode) electrode

LZCﬁ = Lit +e + OG

At the positive (cathode) electrode

CoOs + Lit + e~ = LiC00,

Full reaction

LiCs + CoOy = Cy + LiCoO,

-~
left to right: discharge, right to left: charge

To enable this reversible flow requires the electrolyte to demonstrate high ionic

conductivity while maintaining low electronic conductivity, allowing for ionic transfer
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without enabling electron transfer, which would lead to short circuit in the cell.
Additionally, the polymer separator plays a crucial role in preventing short circuits,
by keeping the electrodes separated while also allowing the uninhibited transport
of Lit ions. The mechanism of charging and discharging the electrochemical cell
is known as ’cycling’ and a simplified operational diagram of a common graphite-
LiCoQOg lithium-ion battery is presented in Figure 1.1. Each component plays a
crucial role in the performance or amount of energy stored in the electrochemical
cell and much work has been conducted on the discovery and optimisation of new

materials to improve lithium-ion battery performances.

Discharge
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Figure 1.1: Schematic representation of a conventional lithium-ion battery. The
negative anode material is graphitic carbon formed by layers of carbon atoms (black).
Whilst the positive, cathode is layered-oxide LiCoO,, the two electrodes are separated
by a porous polymeric membrane to prevent short circuiting of the cell. During charge
and discharging of the battery, Li™ ions (green) are deintercalated from between
the layers of the respective electrode and subsequently transported through the
liquid electrolyte - a solution of LiPFg dissolved in ethylene carbonate and dimethyl
carbonate - before intercalating into the opposing electrode, simultaneously electrons
move around the external circuit.

As mentioned, the operation of the battery is governed by the movement and
storage of Lit ions between the two opposing electrodes. This intercalation and

deintercalation redox mechanism between the two electrodes are driven by the
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electrochemical potential, or voltage E2,

;; of the galvanic cell and may be defined by
the relationship

AG
B, =—— 1.1
cell nF ( )

where the AG is the change in Gibbs free energy, n the number of electrons
transferred in the balanced half reaction, and F' is Faraday’s constant. If the Gibbs
free energy is negative (AG < 0) then the reaction becomes spontaneous driving a
current through the externally applied circuit. In a lithium-ion battery, the event is
associated with the discharge of the battery resulting in a redox reaction between
the two electrodes whereby Li" ions flow from the negative anode to the positive
cathode. Once AG = 0 the cell has reached equilibrium, and no further reactions
takes place and the cell is said to have been discharged. During charging, an external
power source is applied to the battery and the current is reversed, AG once again
becomes negative and facilitates the transfer of Lit ions from the cathode to the
anode. Important to note is that in a battery, the electrode that releases atoms
during discharge is always known as the anode and is always negative, the electrode
that absorbs electrons is known as the cathode and is always positive. This is
against conventional nomenclature but is used to simplify electrode assignments in
a rechargeable cell such as lithium-ion battery. Characterising the electrochemical
potentials across the cell is crucial to battery operation. Known as the open circuit
potential (E2,,), or open circuit voltage (OCV) the potential is measured under the
absence of current flow and may be calculated from the electrochemical potentials of

the individual electrodes:

Egell - EO - Egathode (12)

anode

The electrochemical potential relates to the driving force of the chemical reactions.
However, the storage and subsequent release of Li* ions led to a further key metric
of lithium-ion batteries, the quantification of the amount of energy contained in the
cell as a result of the stored electrons and Li* ions. Two key energy density metrics
describe this: gravimetric or specific capacity, indicating the energy stored per unit
weight of a battery, and the volumetric capacity signifying the energy stored per unit
volume of a battery. The specific battery capacity may be calculated with Equation
1.3 and generally holds units of mAh g=!.

nk

Qg = Mw (13)

Where n is the number of charge carriers, F' is Faraday’s constant and M,
the molecular weight of the electrode material. The volumetric energy density is

characterised by
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Qv =Q, p (1.4)

where @), is the specific capacity, and p the density of the electrode. The

volumetric energy density is often expressed in units of mAh cm=3.

The overall
theoretical and accessible specific capacity of the lithium-ion battery is however
limited to the electrode with the lowest capacity. In commercial lithium-ion batteries
the anode is often composed of a graphite with a theoretical specific capacity of
372 mAh g~ !, currently no commercially available cathode exceeds this benchmark.
As a consequence, the overall capacity is often limited by the cathode with the
early adopted LiCoQO, cathode holding a theoretical capacity of 274 mAh g~!.
Moreover, commercially attainable specific capacities are lower than theoretical
values, with LiCoO, commonly attaining 145 mAh g™!, far below that of the graphite
anode.|23] Research efforts over the years have therefore been focused on improving
and discovering new transition metal oxide cathodes to increase the attainable specific
capacity. The bulk of the new discovered materials may be generally paced into

three classes: layered oxides, spinel oxides and polyanion oxide/olivines.[23|

Layered oxides include LiCoOy (LCO) LiNiOy (LNO), and hold a rhombohedral,
a-NaFeO, structure (R3m) with alternating planes of the rock salt structure with
cubic close-packed planes of oxygen ions. Lithium cations reside between layers of
transition metal and oxygen in a ABCABC sequence. Within the lithium plane, the
conduction of Li* ions is facilitated by a conduction network formed by adjacent
tetrahedral voids that share faces with three octahedra. Upon the removal of lithium,
the oxygen layers however rearrange into a hexagonal close-packed plane.|24] Whilst
holding a high theoretical capacity, practical attainable capacities for LiCoO, are
significantly lower, achieving only roughly 180 mAh g~!.[25] Coupled with questions
around ethical mining|26, 27| and the toxicity[28| has led to several co-doping
strategies to reduce the reliance on cobalt, resulting in the discovery of the notable
material known as NMC (LiNi,Mn,Coy_,_,012) in 2001.|29]

First proposed in 1983 by Thackery et al., the most prominent cathode of the
spinel class oxides is LiMnyO,4 (Fd3m). Closely related to a a-NaFeO, layer structure
the spinel differs in cation distribution among available octahedral and tetrahedral
sites.[30] Empty, low energy barrier octahedral sites facilitate the conduction of Lit
ions from one free tetrahedral site to another. Whilst this class of cathode benefits
from the abundance and low cost of manganese, it is plagued by performance issues,
e.g. manganese dissolution which leads to transition metal build-up at the anode

and large capacity fade.[23, 31|

In recent years, LiFePO, (LFP), has seen a renaissance and is set to be a prime
candidate for large scale grid storage. LFP was initially identified in 1996 as part of

the polyanion cathode class with an olivine related structure. It comprises relatively
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inexpensive, abundant earth elements that have a comparatively low environmental
impact for minerals and metal use and exhibits excellent safety.[32, 33] Coupled
with high cycle life and capacity retention, it has become a leading cathode of
choice for large scale battery energy storage systems. LFP exhibits an orthorhombic
structure (Pnma) with POy tetrahedra located between the LiOg and FeOg octahedra.
A disadvantage of LFP however is the a low average potential and low electrical

conductivity often restricting its use in high performance applications.|[24, 34-36]

Figure 1.2: (a) Layered oxide LiCoOs; monovalent Li™ (green) and trivalent Co®*
(blue, CoOg octahedra) ions are located at octahedral sites in a cubic close-packed
array of oxide ions (red) in alternating planes of rock salt structure. (b) Spinel
LiMnyOy; Mn3*+/4* ions (purple, MnOg-) are octahedrally located with Li* (green)
in tetrahedral sites in a cubic close-packed array of oxide ions (red). (c) Olivine
structured LiFePOy; divalent Fe?* (brown, FeOg) and monovalent Li™ (green) octa-
hedrally located, whilst PO, tetrahedron (grey) are located between.

Whilst the specific capacity is governed by the inherent properties of the electrode
material to store Lit ions, a further important metric of lithium-ion batteries is energy
density. This metric is often used to compare cells of different chemical compositions
as a function of their nominal voltage. Expressed as gravimetric (Wh kg™!) and
volumetric (Wh L™!) energy densities, the battery standard may be calculated by
multiplying the nominal battery voltage by the respective capacity, highlighting the
importance of capacity and voltage in the determination of battery performance.
Increasing the voltage attainable is therefore desirable in order to achieve higher
energy densities cells which has led to several high voltage cathodes being developed.

Operating at higher voltages however results in several challenges faced by the
lithium-ion battery. High voltage cathodes experience degradation mechanisms

including but not limited to particle cracking, transition metal dissolution, dendrite
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formation and irreversible structural degradation.|37, 38| Elevating the voltage levels
of lithium-ion batteries presents a further challenge from unwanted side reactions
arising from the use of liquid electrolytes. Typically, commercial liquid electrolytes
rely on lithium salts such as LiPFg, dissolved in a carbonate solution. If operated
outside of the electrochemical stability range, these electrolytes may undergo a
reduction at the anode or oxidation at the cathode surface, generating various
gaseous species. This electrolyte degradation can lead to significant pressure build-up
within the cell, causing swelling and potential thermal runaway. Ultimately, this
could result in the catastrophic failure of the cell, leading to potential explosions,
fires, and the release of harmful gases, including HF.[39] One beneficial side reaction
however is the formation of passivation layer known as the solid electrolyte interface
(SEI). The SEI forms on the electrode surface as a result of decomposition products
of the electrolyte. This process occurs when the redox potential of the electrodes
falls beyond the electrochemical window of the electrolyte.[40] The formation of
this interface occurs during the first initial cycle of a lithium-ion battery and blocks
electron transfer between electrodes and the liquid electrolyte whilst permitting the

transfer of LiT ions.

As previously noted, extensive research efforts have been conducted into the
discovery of new cathode materials to increase their specific capacity, as the energy
density in lithium-ion batteries is not solely reliant on voltage but is significantly
impacted by the specific capacity. An alternative method to increase the energy
density is by increasing the specific capacity of the anode. The utilisation of lithium
metal anodes has long been regarded as the holy grail for lithium-ion batteries.
The lithium metal anode exhibits a low density of 0.53 g cm™3 and a remarkable
theoretical capacity of ca. 3861 mAh g~!. These values are promising, as they offer
the potential to substantially reduce the overall mass and volume of the battery cell,
leading to increased energy densities. Furthermore, the low reduction potential of
the lithium metal would significantly increase the operating voltage window of the

cell.

The adoption of lithium metal anodes has however been impeded due to the
growth of branch like lithium metal dendrites between the anode and the cathode
during battery cycling.[41] The growth of these dendrites leads to short circuits,
resulting in thermal runaway and subsequent catastrophic failure.[42] The employment
of liquid electrolytes in lithium-ion batteries not only significantly raises the risk
of catastrophic failure and toxic gas emission, but it also hinders the use of high
energy density lithium metal anodes. As a result, focused research efforts have been
undertaken to substitute the liquid electrolyte with an alternative that leads to safer,

high energy density batteries.
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1.0.2 The All Solid-State Battery

All solid-state batteries (ASSBs) have been widely regarded as the answer to overcome
safety concerns arising from the use of liquid electrolytes. Similar to conventional
lithium-ion batteries, the ASSB is based on an electrochemical redox reaction between
the anode and a cathode composite. However, the lammable liquid electrolyte is
replaced with a solid electrolyte that acts as the separator and electrolyte simultane-
ously. The replacement of the flammable liquid electrolyte with a solid electrolyte
mitigates concerns over surrounding toxic gas emissions and the risk of explosion upon
catastrophic failure. The greatest potential, however, lies in the realisation of lithium
metal anodes, enabling high theoretical capacity (ca. 3861 mAh g1) and a large
electrochemical stability window (0 - 6 V).[43] Enabling high energy densities and
the use of high-voltage cathodes without inducing detrimental cathode or electrolyte
degradation, allowing high stability cycling. Furthermore, eliminating the liquid
electrolyte’s safety hazards enables a reduction in safety packaging requirements.
This not only reduces overall costs but also trims down weight and raw material
usage, consequently allowing for further increases in energy density. Moreover, it
brings additional benefits such as heightened thermal stability and the feasibility of
the bipolar stacking of cells for high voltage systems.[44, 45| The potential efficiency
of a solid state battery has been demonstrated by a high stability, high voltage (5
V) solid-state microbattery, achieving a long device lifetime of 10,000 cycles with >
99.8 % coulombic efficiency.[46]

Li Metal Anode Slolid Electrolyte Cathode Composite

% +

Figure 1.3: Schematic representation of an all-solid state battery. The anode is
composed of metallic lithium with the solid electrolyte acting as the separator with
the cathode. The cathode is mixed with the solid electrolyte to form a composite,
facilitating lithium diffusion to all cathode particles. Reproduced (adapted) with
permission from Springer Nature.[47] Copyright 2023, Springer Nature Limited

To ensure the effective functioning of an ASSB, it is crucial to maintain the
system’s stability, i.e. the ability of battery components to endure repeated cycles

while retaining their original configuration, ensuring no compromise in performance or
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structural integrity. The stability challenges encountered by materials and interfaces
in ASSBs commonly fall into four key categories: thermal, electrochemical, chemical,
and mechanical stability.[48]

The thermal stability of ASSBs has historically been less studied due to the
initial assumption that their solid electrolyte configuration inherently ensured non-
flammability. In contrast to lithium-ion batteries, where safety predominantly relies
on the thermal stability of the liquid electrolyte, ASSBs, utilising solid electrolytes,
generally demonstrate superior thermal resistance; with garnets based conductors
in particular, being non-flammable.[48] Differential scanning calorimetry studies
however revealed that exothermic reactions still occurred within an ASSB, although
only producing a third of the total heat generated by that of a lithium-ion battery.[49|
A more focused study on the solid electrolyte highlighted a thermal runaway event
when lithium metal contacted the solid electrolyte at temperatures exceeding 200
°C.|50] Despite reducing fire and thermal risks significantly, further clarification on
the intrinsic thermal properties of the ASSB is required.

It is widely considered that due to the wide electrochemical window (0 - 6 V vs
Li/Li*") solid electrolytes exhibit superior electrochemical stability. However, recent
studies have highlighted challenges on the cathode side, where, under electrochem-
ical cycling decomposition at the electrode was observed, resulting in diffusion of
transition metals into the electrolyte.[51] Furthermore, high voltage cycling may
induce significant polarisation at the solid electrolyte/electrode interface, alongside
the formation of resistive interphase layers due to electrochemical decomposition.
This coupled with low electrical conductivity of the solid electrolyte prevents the
charge-transport percolation, i.e. the ability to supply electrons and ions to all
regions in the cathode, further contributing to a variety of challenges at the cathode
interface. |48, 52, 53|

The overall chemical stability of the solid electrolyte dictates fabrication, storage
conditions and material selection. An ideal solid electrolyte should remain inert when
exposed to ambient conditions and exhibit no reactivity at the electrode/electrolyte
interface. However, several solid electrolytes experience degradation when exposed
to ambient conditions.[48] Notably, in lithium garnet oxides a H* /Li* exchange
has been observed.|54] This exchange leads to the formation of surface interlayers
such as Li;CO3 and LiOH, resulting in poor ’wettability’ of lithium metal and
increased interfacial resistance between the electrode and electrolyte.[55, 56] This
can present a significant problem despite their stability when in direct contact with
Li-metal, exhibiting low 'wettability’ towards the metal as a result of these passivation
layers. This low 'wettability’ creates inadequate contact between interfaces, resulting
in increased gaps and voids. Consequently, the poor physical contact elevates
interfacial impedance. As such, kinetic limitations are imposed on how fast ions can

be transported between the interface regions. This significantly impacts the rate
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capability of the battery, i.e. the speed at which ions are (de)intercalated between
electrodes, which in turn dictates the charge and discharge rate of the battery. To
quantify these resistances at the electrode/electrolyte interfaces, a crucial metric
known as the area specific resistance (ASR, 2 cm?) is employed.

It is clear that the electrode/electrolyte interface region plays a crucial role in
dictating the performance of the ASSB. In a lithium-ion battery, the ubiquitous inter-
facial contact between electrolyte and electrodes facilitated by the liquid electrolyte
results in a low ASR. However, to mitigate the reduced point-to-point contact surface
area due to poor 'wettability’ or contact issues in ASSB, several techniques have
been employed. Addressing lithium metal contact, these approaches aim to reduce
ASR, enhance intimate physical contact, and mitigating chemical and electrochemical
instabilities to facilitated facile Lit transport at the interface. These techniques
include high stack pressures 57| the deposition of graphite, nitrides (LizN), lithium-
metal alloys (Li-In), metal layers (Ge, Al, Mg), and oxides (Al03).]58-64] Of note
is the atomic layer deposition of oxide Al;Og, the use of this technique has shown to
reduce interfacial impedance to a negligible number from 1,710 © cm? to 1 2 cm?.[64]
The results demonstrated by ALD of Al,O3 appear extremely promising, however
the scalability cost of this technique have retained serious questions surrounding
implementation and scalability in ASSB production.

Initially, one of the most anticipated benefits of utilising a solid electrolyte was
the perceived suppression of lithium metal dendrites originating from the lithium
metal anode during electrochemical cycling. This suppression was attributed to the
inherent hardness, notably observed in oxide-based solid electrolytes. Investigations
have however shown they are not invulnerable to dendritic penetration, in either the
polycrystalline or single crystalline form.|65]

This form of mechanical failure originates from the inhomogeneous electrodeposi-
tion process resulting in the formation of dendrites during charging or discharging,
ultimately resulting in a short circuit. Dendrite formation and propagation arise
from plating instability induced by the rate of electrodeposition during the charge
and discharge cycles, culminating in short-circuit failure. The current density at
which this mechanism occurs is known as the critical current density (CCD), defining
the threshold at which a short circuit will occur. The CCD of most inorganic solid

2 with recent studies suggesting that the

electrolytes never surpasses 0.3 mA cm™
natural CCD of garnets is 0.28 mA c¢cm™2,[66] far below the requirement of > 5 mA
cm 2|67, 68] Several factors have been identified as affecting the formation of lithium
metal dendrites including temperature, electronic conductivity, surface flaws and
ASR.[65, 66, 69, 70]

The precise failure mechanism concerning the nucleation and propagation of
lithium dendrites remains incompletely understood. Consequently, concerted research

efforts are being led to comprehensively reveal the fundamentals behind the observed
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non-uniform electrodeposition of lithium. The current prevailing theory suggest
that dendrites nucleate and propagate from the lithium metal anode. The initial
formation of dendrites is attributed to the inhomogeneity and void formation at the
interface between the anode and electrolyte. Voids emerge when the diffusion and
creep of lithium metal toward the electrolyte interface fall below the necessary rate
of replenishment of dissolved and transported lithium metal at the solid electrolyte
interface. The edge of these voids generate localised regions of high current densities,
leading to initial dendrite nucleation. Continual stripping and plating facilitates
the sustained growth and propagating of dendrites from these areas of high current
density (Figure 1.4).[71, 72|

As such, it is key to maintain physical contact between electrodes and electrolyte
to avoid increases in localised current density and facilitate the effective diffusion of
ions across the interface. In addition to the as mentioned surface modifications, it
has been suggested that the use of stack pressure aids in prevention of void formation
as well as lowering the required overpotential to cycle ASSBs.[57]

The formed dendrites subsequently plate and propagate preferentially along grain
boundaries and/or within voids, leading to short circuit, this was demonstrated
by SEM analysis following lithium metal cycling. Figure 1.4 illustrates lithium
metal dendrites plating between grain boundaries while leaving the grains themselves
intact.[73] As a result it has been suggested that manufacture of high density garnets
with minimal grain boundaries would prevent dendritic growth.[74, 75] However,
several studies on single crystal SSEs have demonstrated that dendrites still nucleate
and propagate through the solid electrolyte revealing a more nuanced problem.|65,
76]

The formation and propagation of dendrites within specific regions of the solid
electrolyte render these areas vulnerable to volumetric changes during cycling. This
induces stress points,|77| leading to interface delamination and crack propagation
at both the anode and the cathode.[52, 78-80] This mechanical cracking process
represents an alternative failure mode observed in ceramic separators. During cell
operation, stress and electrochemical pressures cause crack formation, allowing lithium
deposition within the cracks. This deposition further applies pressure, exacerbating
crack propagation until subsequent short circuit.[81]

A theory proposes that the inherent electronic conductivity within the solid
electrolyte could be the root cause of dendrite formation. It suggests that electrons
penetrating the bulk might directly initiate the nucleation of lithium metal dendrites
within the bulk, rather than originating solely from the anode interface.[69] Addition-
ally, investigations focusing on the electronic conductivity reveal that when an applied
external electric field exceeds a threshold voltage, the solid electrolyte will exhibit
a surge in electronic conductivity. This surge leads to widespread recombination

of electrons and Li-ions at the grain boundaries.[83] This was further supported by
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Figure 1.4: (a) The mechanism of void and dendrite formation at the solid electrolyte
interface, lithium metal stripping at a rate exceeding the replenishment rate results in
void formation. The small remaining areas of contact increase the local current density
facilitating the growth and propagation of metal dendrites. Reproduced (adapted)
with permission from Springer Nature, Copyright 2019.[72] (b) The preferential
plating of lithium metal at grain boundaries in a solid electrolyte. Reprinted from
ref.[73| Copyright 2016, with permission from Elsevier.

Aguesse et al. who proposed that lithium metal may crystallise by gaining electrons
from oxygen present in the garnet or via residual electronic conductivity.[82] Fur-
thermore, computational studies suggest that excess electrons may accumulate along
grain boundaries, pores and crack surfaces, consequently contributing to formation

lithium metal formation.|[84]

Studies investigating the relationship between grain boundary electronic conduc-
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Figure 1.5: Schematic representing the proposed mechanisms of lithium metal
dendrite formation in garnet electrolytes. Reprinted (adapted) with permission from
ref.[82] Copyright 2017 American Chemical Society.

tivity and dendrite propagation have revealed a connection to the bandgap dynamics
of the system. The results indicate that an increase grain boundary electronic conduc-
tivity originated from a narrowing in the LLZO band gap at the grain boundary.|85|
A subsequent study focused on the examination of the energy band structures and
defect states of crystalline Ta-doped LLZO. Using direct electronic structure analysis,
the results revealed that propensity for intergranular lithium metal propagation was
a result of a lowered Schottky barrier height due to high defect density at the grain
boundaries. To mitigate this, the authors successfully increase the band gap of the
grain boundary, effectively impeding the lithium dendrite formation by blocking the
electron injection.|86] These studies collectively emphasise the pivotal, interwoven
relationship between electronic conductivity and grain boundaries. Furthermore, the
introduction of defects and impurities during synthesis, particularly in the presence
of transition metals, tends to aggregate at grain boundaries, potentially increasing

the electronic conductivity and/or providing nucleation points for metallic lithium.

To be a viable candidate for use in an ASSB, the solid electrolyte must exhibit a
range of properties, including high ionic conductivity, good electrode compatibility,
good mechanical properties, excellent chemical, and electrochemical stability. It is

evident that despite these challenges,[47, 48, 87-90| extensive research efforts are
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underway to alleviate the issues faced by solid electrolyte in ASSB, paving the way
for safer and higher-density battery systems.

1.0.3 The Solid Electrolyte

Michael Faraday’s groundbreaking work in 1839 marked the first recorded instance
of ionic conduction within a solid. Through research on heated As,S and PbF,, he
unveiled the phenomenon of ionic conduction in solid electrolytes.[91] This pivotal
discovery laid the foundation for the field of solid state ionics, sparking a new realm
of scientific inquiry and technological advancement. His work was continued by
fundamental contributions from German physicist Walther Nernst, famous for his
derivation of the Nernst equation. He detected ionic conduction in heterovalently
doped zirconia, later commercialising the discovery in the form of his Nernst lamp.[92,
93| Since the late 20th and into the early 21st century, substantial efforts have
been devoted to synthesising and characterising novel solid electrolytes for their
application in various technologies, such as fuel cells, sensors, and solid-state batteries.
A significant breakthrough emerged in the 1970s with the rise of polymer science.
During this period, researchers discovered that polyethylene oxide (PEO) readily
formed conductive complexes by dissolving alkali metal salts (e.g., Li* /Na™). This
discovery led to the development of a PEO-Li salt solid polymer electrolyte, exhibiting
an ionic conductivity of ca. 107 S ecm,™! at 40 - 60°C.[94-96] The discovery and
subsequent commercialisation of lithium polymer batteries (LiPo batteries) resulted
in a breakthrough for solid electrolytes. Due to their high energy density and
discharge rates, LiPo batteries saw wide scale adoption and extensive use in personal
electronics and radio controlled equipment such as drones. However, due to its low
electrochemical window, PEO begins to decompose at ca. 3.8 V, potentially leading
thermal runaway when overcharged.[97] Coupled with a propensity towards dendrite
formation when used with lithium metal anodes,|98| safety concerns of these batteries
have been raised, restricting their application to smaller-scale uses. The emergence of
solid polymer electrolytes allows for two general classifications for solid electrolytes,
solid polymer electrolytes and inorganic solid electrolytes.

Inorganic solid electrolytes in particular are emerging as serious candidates to
replace conventional liquid electrolytes due to their enhanced safety, stability and
high energy density. These solid electrolytes fall into distinct categories based on
the anion present in their crystal lattice, such as sulphides, phosphates, nitrides,
halides, hydrides, and oxides. Further classification of these solid electrolytes may be
based on their crystal structures. For instance electrolytes may adopt structures like
garnets, perovskites, anti-perovskites, Argyrodites, LISICON-like (Lithium Super
Ionic Conductor), and NASICON-like structures (sodium superionic conductor).[99,

101] The variety of crystal structures inevitably leads to a range of properties for
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Figure 1.6: Tonic conductivity and radar plot of various solid electrolytes. (a) Total

ionic conductivities of lithium conducting solid electrolytes at room temperature.

The ionic conductivity of liquid electrolyte of EC/DMC 1 M LiPFg is represented by
a dashed grey line. Reprinted (adapted) with permission. Copyright 2016 American
Chemical Society.[99] (b) Radar chart demonstrating the varying capabilities of
differing lithium conducting solid electrolytes. Adapted and reprinted.[100] Copyright
2019, with permission from Elsevier.
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these solid electrolytes. This variability is demonstrated in Figure 1.6a, summarising
the differing ionic conductivities of different classes of solid electrolytes.

Oxide based electrolytes, notably lithium based garnets, exhibit adequate ionic
conductivity and high stability with lithium metal anodes at high voltages.[102—
104] Despite these advantages, challenges involving high interfacial resistance with
electrodes (c.f. ASR, Figure 1.6b), susceptibility to dendritic growth, stability
concerns with air, and difficulties related to mass production and device integration,
have hindered their commercialisation.|8§]

LISICON-like and Argyrodite structured sulphides solid electrolytes approach
ionic conductivities comparable to current liquid electrolytes (EC:DMC 1 M LiPFg)
used in commercial batteries. However, inherent challenges such as their limited
stability against lithium metal, their susceptibility to decomposition at high voltages
and narrow electrochemical stability window, restrict their effectiveness, especially in
conjunction with high-voltage cathodes for lithium metal batteries.[105] In addition
to this, the production of sulphide solid electrolytes face significant challenges; due
to their significant decomposition issues in the presence of air and moisture.|[99, 101,
105] As such, the electrolytes would have to be produced in an inert environment
with low oxygen and moisture levels.

In contrast, oxide solid electrolytes such as lithium stuffed garnets, demonstrate
remarkable stability against lithium metal and broad electrochemical window making
them a credible choice. Current, drawbacks however concern mass production and
process optimisation and reduction of electrode interfacial resistances. With extensive
ongoing research aimed at mitigating these limitations’ impact and favourable stability
with lithium metal, it appears that lithium stuffed garnets are set to be implemented
as the electrolyte of choice as opposed to sulphide based electrolytes. The radar plot
presented in Figure 1.6b allows for a simplistic visualisation of capabilities presented

for solid electrolytes.

Ionic Transport in the Solid

Similar to liquid electrolytes, solid electrolytes require high ionic conductivity (>
1073 S em™!) to facilitate rapid charge and discharge rates. As mentioned, extensive
research has been conducted to discover and optimise fast ionic conductors meeting
this criterion, yielding a range of results. In all these materials, performance variability
may be explained by the fundamentals of ionic conductivity that subsequently
underpin these mechanisms. The phenomenon of conduction in a solid - regardless
of ionic or electronic conduction - is generally described by the total conductivity, o,

which may be given by

o=nqp (1.5)
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where 1 is the number of charge carriers, ¢ their charge and g their mobility.
In the case of ionic conduction in solid electrolytes, the charge carriers are cations
or anions whilst electronic conduction is governed by holes or electrons. In the
case of mixed ionic-electronic conduction, conductivity o is the sum of both ionic
and electronic conductivities g;,, and oeeeron. However, in a perfect defect-free
crystal, ions are arranged in a periodic fashion often stacked in a close-packed form,
prohibiting the diffusion of ions with the remaining available space only permitting
ion vibration about its equilibrium position.[106] As a result, ions lack the necessary
thermal energy to deviate from their lattice sites. However, increasing the thermal
energy in the system results in an increase in ionic conduction. This increase is due
to ions vibrating more vigorously and results in higher defect concentration. The
primary mechanism of ionic conduction in crystalline solids involves the movement
of ions through the crystal lattice via the diffusion pathways along open tunnels or
layers composed of stable and /or metastable sites commonly consisting of tetrahedral
and octahedral coordination in an anion framework (e.g. O~2).

A such, ionic conductivity arises from the migration of ions facilitated by the
availability and interconnectivity of differing sites within the crystal lattice. In
a crystalline structure, these pathways are often created by cationic vacancies or
interstitials, which serve as pathways for ion transport. These vacancies or interstitials
are typically generated through one of two primary mechanisms. Firstly, through
the application of heat, which exponentially increases the number of vacancies in
thermodynamic equilibrium, these vacancies are an intrinsic number to the system.
The second method involves the addition of aliovalent impurities that generate
vacancies to maintain charge balance. Such vacancies are extrinsic, having not been
present in the pure crystal system. Typically, at room temperature the number of
thermally generated intrinsic vacancies is low. However, with increasing temperature
a transition occurs from eztrinsic to intrinsic. Intrinsic defects play a crucial role in
ionic conduction of crystalline solids and may further be sorted into two categories,
‘Schottky’ and ‘Frenkel’, these, belonging to the class point defects.

Schottky defects are a stoichiometric defect, in which a pair of vacancies is
generated by the absence of a cation and anion, since both cation and anion are
absent from the lattice the overall electrical neutrality of the crystal is maintained.
This type of defect readily occurs in an ionic crystal where the anion size is almost
the same as the cation. Frenkel defects on the other hand are characterised by a
solitary ion missing from its customary place in the lattice and occupies an interstitial
site within the same crystal. This mechanism often occurs when the anion radii
is substantially larger than the cation. Schottky and Frenkel defects both create
vacant sites that enable an ion in the immediate vicinity to "jump" or "hop" to that
location, subsequently leaving the previous site vacant in a mechanism known as

vacancy diffusion. This continuous process facilitates the transport or conductivity
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Schottky
Defect

Figure 1.7: Frenkel and Schottky point defects in a NaCl crystal, green spheres are
Cl™ ions and blue Na™. The Frenkel defect is characterised by an ion missing its
position in the lattice, creating a vacancy, and occupying an interstitial site nearby.
The Schottky defect is formed when oppositely charged ions are absent from their
lattice sites and become incorporated at the surface, due to the opposite nature of
the vacancies, overall electrical neutrality is maintained.

of ions in the solid, commonly referred to as ionic conduction. However, for an ion
to "jump" from vacant to vacant site it must undergo a transition between stable
ground-states and /or intermediate metastable sites. To achieve this, it must overcome
an energy barrier known as the activation energy FE,,. In the case of crystalline solids,
ionic conduction of the charged species may typically be classified into three general
cases of diffusion mechanism: vacancy diffusion, direct interstitial, and correlated
interstitialcy. In direct interstitial migration, the ion moves from an interstitial site,
subsequently jumping to a neighbouring vacant interstitial site, which facilitates
the long term migration of ions. The final mechanism, correlated interstitialcy, is
when a joint transfer of two more ions occurs via a ’knock-on’ effect. Where an ion
"jumping" to an adjacent interstitial or occupant site results in the displacement of
a neighbouring atom. The highest activation energy (FE,,) requirements for hopping
are that of vacancy diffusion as ions must overcome transition from a stable site to
an adjacent stable site. Conversely ion diffusion via direct interstitial requires a lower
activation energy as ions inhabit metastable interstitial sites between stable lattice
sites. The different types of mechanisms and activation energy requirements are
displayed in Figure 1.8. As mentioned, ionic conduction is a temperature dependent
phenomenon that relies on the number of available vacant sites and the ion mobility.
As such the ion, or charge carrier mobility, ;4 may be defined by an Arrhenius

relationship

En,
H = Hto TP <—]@—T) (1.6)

where 11 is a mobility prefactor, E,, the activation energy for ionic vacancy migration,

ky the Boltzmann’s constant and T the temperature. Similarly, the concentration or
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number of intrinsic vacancies available for conduction may be characterised by

N, =N exp (—5—;) (1.7)
where N, is the number of vacancies/defects, N the total number of atomic sites,
E; the activation energy required to form a vacancy. It is clear to see that both
the equilibrium constant of vacancies and the charge carrier mobility increase with
temperature. These relationships are directly associated with the number of charge
carries, n, and charge carrier mobility, p as described in Equation 1.5. Upon analysis
of Equation 1.5 it is evident that (with a with a fixed charge ¢), the total ionic
conductivity o is contingent upon the concentration of charger carriers and their
mobility, or in simple terms, the availability of vacant sites, which is controlled by
the density of defects in the crystal and the ease with which an ion can jump to
another site. As both terms are temperature dependent, the total ionic conductivity

may be expressed by the modified Arrhenius equation

E
o= oyl texp (— k‘Ba > (1.8)

where 0y is the pre-exponential factor that contains terms for vibrational frequency of
the potentially mobile ions. E, is the activation energy required for ionic conduction
which includes the energy needed to form vacancies E¢, and E,,, the activation energy

for ion vacancy migration.

Equation 1.8 relates to the atomistic diffusion of ions. However, diffusion extends
across an entire sample at the macro scale, consequently occurring throughout a
system that involves the bulk, grain boundaries and interfacial regions. The transfer
of ions is consequently linked with mass transfer in the solid electrolyte volume.
As such the macroscopic diffusivity and ionic conductivity may be linked to the

Nernst—Einstein equation

_ ng*D
~ kgT

where n is the number of ions per unit volume, ¢ is its charge and D the self-diffusion

(1.9)

o

coefficient that is expressed by

zNc(1 — ¢)advg
kgT

where N is the density of the number z nearest neighbour sites, ¢ the concentration

D=

(1.10)

of ions, ag the distance between sites and vy the "jump" frequency.[106|

The diffusion mechanisms described are all related to the conduction of ions in
a solid considering their mobility and temperature. Specifically, these mechanisms

address behaviour influenced by temperature and charge. Further factors that may
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Figure 1.8: (a) The three general charge carrier diffusion mechanisms in crystalline
solids: vacancy, direct interstitial, and correlated (interstitialcy). (b) The energy
profile for direct vacancy or interstitial site jumping of ions and (c) the energy profile
for correlated jumping. E,, and v, represent the activation energy for ionic vacancy
migration and the "jump" frequency, respectively. Reproduced and adapted with
permission from Springer Nature Limited, Copyright 2019.[80|

affect diffusion are concentration gradients. However, the diffusion of ions in a
battery may also be influenced by the presence of an electric field. As such, a suitable
equation is required to describe the movement of ions under the influence of both

concentration gradients and electrical potentials. This behaviour can be effectively
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characterised by the Nernst-Planck equation

J=—-DVc+ ﬂDchﬁ (1.11)
kgT

where J is the flux of the ions, D is the diffusion coefficient, ¢ the concentration
gradient, V the gradient operator, ¢ the charge of the ion, F' is Faraday’s constant,
and ¢ the electric potential. Within the equation, the first term (—DV¢) corresponds
to Fick’s first law, encompassing the gradient of concentration. This term represents
the flux caused by the concentration gradient, i.e., ions moving from areas of high
concentration to low concentration. Whilst the second term (é—FTDchb) includes the
influence of the electric field on ion movement.|[107] However this equation is typically
employed in modeling electrochemical systems rather than for the fundamental
characterization of ionic movement within a crystalline solid.

The diffusion of ions in a solid electrolyte occurs at the atomic length scale,
however as mentioned, the overall conductivity is governed by many factors, including
at the macroscopic scale which incorporates, bulk, grain boundary and interfacial
properties. As such, measurements of ionic conduction need to be considered at
varying length scales that incorporate the effects arising from a crystal lattice to
a complete ASSB. Several techniques exist and may be utilised, from impedance
spectroscopy to continuum modelling. A combination of techniques will however be
required to fully elucidate the conduction mechanisms at all length scales to enable
the understanding of ASSBs.

The Grain Boundary

It is evident that defects play a crucial role within the conduction mechanism of the
solid electrolyte. In addition to point defects several other defects present themselves
in solids. These extended defects may be classified as linear or planar defects. The
most common type of linear defect is a dislocation, which is a localised misalignment,
or fault in the linear arrangement of atoms in a crystal lattice. Generally, there
are two basic types of dislocation — an edge and screw dislocations. In an edge
dislocation an additional plane of atoms is placed within the regular arrangement
of atoms within the lattice. This results in localised lattice distortion where the
atoms above the dislocation line are squeezed together and the atoms below, pulled
apart. The screw dislocation may be visualised as forming by shear stress, where
along the dislocation line the front region of the crystal is shifted one atomic position
relative to the bottom portion of the crystal, similarly, this defect is linear along the
dislocation line. Generally, dislocations govern a crystalline materials response to
plastic deformation and its subsequent mechanical properties.

There are several planar, or interfacial defects however two of the most common

are the crystal surface and the grain boundary. The crystal surface, or more simply,
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the external surface is where the crystal structure terminates. The interface however
does not result in the termination of a perfect crystal boundary and real surfaces
result in a rough surface, their own point defects, and hold a higher energy state than
the atoms located in the interior. An additional planar defect is the grain boundary.
This planar defect is the boundary separating two adjoining grains with different
crystallographic orientations in polycrystalline materials. The boundary is typically
only several angstroms wide displaying various degrees of misalignment. When this
degree of misalignment is low (6§ < 15°) the grain boundary is termed low angle grain
boundary, conversely, a high degree (§ > 15°) of misalignment is termed high angle

grain boundary and display a larger degree of disorder.

High angle GBs (0 > 15°)

Angle of
misalignment

Atomic arrangements
in grains

Low angle GBs (0 < 15°)

Figure 1.9: Schematic representing high and low angle interface grain boundaries.
Reused with permission.[108|

Similar to the interface, the atoms along the grain boundary are bonded less
regularly resulting in an elevated interfacial or grain boundary energy compared to
those atoms located within the interior. The magnitude of this grain boundary energy
is a function of the severity of misalignment displayed by the atoms. Due to this
energy, grain boundaries often hold an elevated level of chemical reactivity compared
to the grains themselves. In addition to misalignment, the interfacial energy is a
function of the grain size. Large or coarse grains hold a lower interfacial energy
compared to small or fine grains due to their lower total boundary area. As such,
impurities preferentially segregate or precipitate onto these boundary regions due to
their higher energy states ultimately strongly affecting several of the macroscopic

properties of the material including the electrical properties.

24



CHAPTER 1. INTRODUCTION

Schottky barriers

The periodicity of an ideal crystal is broken by all defects and may affect the electrical
properties of crystal system as was discussed with point defects. The same may be
said for planar defects, where many electronic properties of materials involved in
electrochemical reactions depend on surface effects. As such the interface between
two mediums, such as Li-metal and the solid electrolyte or a grain boundary-grain
boundary interface require careful attention.

In solid state physics the Fermi level is defined as the highest filled energy level
that an electron may occupy at zero Kelvin and is located between the valence
and conduction bands for a non metal. Within the bulk the Fermi level is usually
controlled by the energy levels and may be controlled by doping. At the interface
however it is surface energies associated with subsequent surface defects or adsorbates
that play a crucial role. It is such that the Fermi level relative to the band edges
may differ at the interface compared to the bulk. As the Fermi level however is the
same throughout the solid at equilibrium the band energies at the surface themselves

must be altered.

Semiconductor Metal

Fermileve| — —-— —-——-—-— —

Valance band

Interface

(a) (b) (c)

Figure 1.10: Schottky barrier formation at a metal-semiconductor interface (a)
Equilibrium condition at the interface. (b) Reverse bias decreases the barrier,
prohibiting current flow. (c) Forward bias, decreases the barrier promoting current
flow. Adapted and redrawn.[109]

When initially placed in intimate contact the electrochemical potential around
the interface are dissimilar, this results in charge carriers being transferred between
the two materials across the interface until equalisation of the Fermi levels is achieved
and the potential difference is removed. This leads to the altering of the band
energies at the interface and is termed band-bending refering to electronic band
structure at the interface of two mediums either curving up, for n-type (electron
mobility) or down, for p-type (hole mobility) semiconductors. The bending of bands
at the interface leads to the potential barrier for electrons known as a Schottky

barrier. The Schottky barrier, in its simplest form is a potential energy barrier
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for electrons and is denoted by its barrier height, ¢p which is dependent on the
interfacial contact between a metal and a semiconductor. In some cases the Fermi
level may not equilibrate and the may become pinned to the center of the band gap
and may cause the Schottky barrier height to be higher or lower than at equilibrium
(Figure 1.10 b&c). In a rectifying Schottky barrier current may only pass in one
direction and is governed by the barrier height. In a reverse bias band bending is
increased providing a larger barrier height prohibiting electron movement. Under a
forward bias the energy barrier for electron movement from the semiconductor to
the metal is reduced. Important to note is that in the case of an electrochemical
interface, between a semiconducting electrode and electrolyte solution, the band
edges are fixed but the surface Fermi level positioning may be altered by varying the
potential of the semiconducting electrode with respect to a reference electrode. The
formation of Schottky barriers play a crucial role in regions of interfacial contact
between two mediums and as such have been considered in studies involving lithium
ion batteries and solid state electrolytes. Often leading to high interfacial resistance,
deteriorating battery performance, as such several efforts have been conducted to
tuning the band alignment by interfacial engineering.[110, 111] A deep understanding
of Schottky barriers in relation to mixed conductor interfaces is however still largely

lacking.

Percolation Theory

The as previous mentioned formation of secondary phases on grain boundaries may
impact the electrical properties of the material sample, at low volume concentration
however these phases may not have an adverse affect on the material system. Not
until they reach a critical level, or a threshold whereby they interact with each other
do they become disruptive to the overall properties of the system, percolation theory
best describes this mechanism.

The percolation threshold is the critical threshold at which large clusters with a
long-range connectivity first appear. This results in a continuous pathway from one
boundary to another along these cluster sites. The critical volume fraction at which
this occurs for secondary phases in a composite system concerned with resistivity
is typically ca. 16 %.[112] At this level, the secondary phase within the composite
may interconnect forming a conduction path that results in the critical alteration of
the overall electrical conductivity of the sample. This theory has been successfully
used in the study of electrical conductivity and conduction mechanisms of two phase
sodium bismuth titanate materials.[113]

Whilst the use of percolation theory has not been applied for a similar study of sec-
ondary phase resistivity in lithium conducting electrolytes such as LLZO based solid

electrolytes, it has been utilised for several other aspects of solid-state electrolytes.
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One such study investigated optimum binder distribution and subsequent polymer
interaction clusters for hybrid solid electrolytes composed of organic (polymer) and
inorganic (Al doped LLZO) ion conducting materials.[114]

Another use of percolation theory in the investigation of solid electrolytes was
presented by Park et al..[115] Simulating a range of graphite/Ta doped LLZO
composite electrodes, the authors presented a systematic investigation of the effect of
dimensional controlled solid electrolyte particle on the electrochemical performance of
the composite electrode. Varying the particles dimensions between a 0D (Spherical),
1D (Fiber-like), and 2D (Plate-like) the authors mapped the percolation pathways
(ionic pathways) of these different dimensions revealing 0D particles as the most
effective morphology for the shortest percolation pathway.[115] It is notable that
this paper was focused on the performance and shortest percolation pathway as a
result of different solid electrolyte dimensions within a graphite electrode and not
the percolation threshold. None the less, the work provides an intriguing insight into
the use of percolation theory in the research of solid electrolytes for all solid state
batteries.

Percolation theory is a well established area of statistical physics and mathematics
that has seen application in a wide range of fields including materials science and may
provide further comprehension to the field of solid state electrolytes; providing an
effective tool for the visualisation and study of critical networks within the complex

system.

Garnet Type Solid Electrolytes

Much expectation has been placed on garnet-type solid electrolytes, due to their
high ionic conductivity, relative lithium metal stability and wide electrochemical
window (< 6 V vs Li/Li"), making them a credible prospect for use in ASSBs.[102,
104, 116, 117] The garnet fast-ion conductors that are known today are based on the
silicate mineral with a general structure of A3By(SiO4)3. Where the A site is usually
a divalent cation such as Ca, Mg, Fe, or Mn, whilst the B site is usually a trivalent
cation such as Al, Fe, or Cr. The A site cations are in a eight oxygen coordinated
cation environment, with B cations consisting of BOg octahedrons and C cations in
a tetrahedral coordination environment. The cations fully occupy their coordinates,
with the compound crystallising in a cubic structure of space group Ia3d. This
garnet structural prototype may be modified /synthesised so that they incorporate
lithium atoms into the lattice, leading to the first reported lithium containing garnets
in 1968, with a composition of LizLngM 015 (M=Te, W; Ln =Y, Pr, La, Nd).[118]
However the first significant report for their potential use as solid electrolyte did
not occur until 2003 when Thangadurai et al. reported the lithium stuffed garnet,
LisLazM5015 (M = Ta, Nb), which attained high ionic conductivities of 107> S cm™!
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at 25°C.[119]

Typically, lithium containing garnets may be classified into four different subtypes:
Lis, Lis, Lig, and Li7, which are categorised by the amount of lithium per formula in
the garnet. Generally, as the content of lithium is increased the ionic conductivity
increases. To understand the role between lithium site occupancy and the observed
ionic conductivities, LisLnzTe;Oq5 (Ln = Y, Pr, Nd, Sm-Lu) was studied by X-ray
and neutron powder diffraction. Lithium ions were found to exclusively reside in the
tetrahedral sites independent of temperature, revealing the reason behind experimen-
tally observed, low ion mobility and high activation energy.[120] Subsequent studies,
where the lithium content in Lis,,NdsTes ,.Sb,O15 was incrementally increased
by the substitution of Sb3* for Te®" resulted in the adjustment of lithium cation
distribution across the tetrahedral and octahedral interstices. It was found that
vacancies are created onto the tetrahedral site as lithium is incorporated into the
octahedral sites, leading to an increase in activation energy and Lit conduction that
is observed in the > Li; compositions. Using NMR it was however noted that the
tetrahedral located lithium in Lis sNd3Teg5Sb1 5012 remained immobile and bound
to the coordinate.[121]

Previous studies of the lithium-rich garnet LisLagM ;015 (M = Ta, Nb) failed to
conclusively determine the exact crystal structure and subsequent site occupation
of Li ions. However, using neutron powder diffraction, Cussen confirmed the space
group as la3d with a structure composed of La?*, M®* and O?~ ions framework
where lithium-ions are distribution across three different interstitial sites: Li(1)
tetrahedral (24d) and Li(2) octahedral (48g)/distorted octahedral (96h).[122] Whilst
in Liz, Li-ions are immobile and solely located on the tetrahedral (24d) site, in
lithium-stuffed garnets (> Lis), excess lithium are incorporated into the octahedral
sites resulting in tetrahedral vacancy formation. Furthermore, due to the increased
occupancy of Li-ions at the octahedral 48g site, lithium is further displaced into
the distorted octahedral 96h site.[122] Consequently, this high amount of lithium
ion disorder leads to facile ion transport within the lattice, making a high lithium
content garnet desirable for fast-ion transport.

To further increase the lithium content, partial substitution of trivalent La3*
with divalent ions in LizLagM;O15 (M = Ta, Nb) lead to the Lig phase. With a
general formula of LigALasM;0Oq5 (A = Mg, Ca, Sr, Ba, and M = Nb, Ta), these
stuffed garnets reported an ionic conductivity of 4 x 1075 S em™!.[102] However,
the highest lithium stuffed garnet Li;La3Zr,Oq5 (LLZO) was first synthesised by
Murugan et al. in 2007. LLZO demonstrated a low activation energy and a high
total ionic conductivity of 3 x 107* S cm™! and exhibiting a cubic crystal (Ia3d)
structure.[117] Successive, dedicated optimisation efforts have led to the highest
reported ionic conductivity rising from 1077 S em™! to 107® S cm™!, achieved by a
lithium content of ca. 6.4.[123]
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Figure 1.11: Schematic representing differing chemical compositions of silicate garnet
and lithium containing garnets, Lis, Lis, Lig, and Li;. The polymorphic nature of
Li7 is shown with the possible cubic and tetragonal phases. Reprinted and adapted
with permission from the American Chemical Society.[103] Copyright 2020 American
Chemical Society.

The mechanisms and required activation energies for ionic conduction for Lis,
Lis, and Li; garnet type structures in the cubic phase were evaluated by ab initio
calculations.[124] Calculations based on LizLasTe;O12 confirmed that due to low
lithium occupancy of the Li(2) octahedral site a high activation energy of 1.5 eV
was required to allow lithium migration from the tetrahedral site to the octahedral
site. This was found to be in close agreement with experimental observations by
O’Callaghan et al. of 1.22(15) eV,[120] further confirming the extremely low ionic

conductivity at room temperature due to the constraint on Lit mobility.

Further calculations for high ionic conductivity in Lis and Li; lithium stuffed
garnets were based on LisLasNbyOqo and LizLazZrsOq9 respectively. Figure 1.12
shows that two proposed routes of ionic migration. Route A, which is favoured
when lithium concentration is low, occurs via ion migration between octahedral sites
(48g/96h), skipping the tetrahedral site. This mechanism requires relatively high
activation energy of 0.8 eV to transition over the interstice "bottlenecks", the results
are however acknowledged by the author as being higher than experimental observa-
tions. Conversely, Route B, which is favoured for lithium stuffed garnets, allows ion
migration via the shared triangular faces that separate the polyhedra around Li(1)
and Li(2) to move from one octahedral (48g/96h) site trough the tetrahedral (24d)
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Figure 1.12: Lithium occupies the Li(1) tetrahedral (24d) and Li(2) octahedral
(48g) /distorted octahedral (96h) sites in cubic lithium stuffed garnets(> Lis). (a)
A high activation energy is required to move one Lit ion from the Li(1) site to the
neighbouring Li(2) in LizLagTe;O;5, demonstrating the low ion mobility observed in
Liz garnets. The differing conduction mechanisms and their subsequent activation
energies, (b) Route A and (c) Route B of LisLagNbyO1s, Li;LagZryO15 respectively as
displayed alongside inserts indicating the path by arrows. Route A displays the Li"
ion migration favoured in Lis garnets, between octahedral sites (48g/96h), omitting
the tetrahedral site. Route B, indicates the ion migration path observed in cubic
Li; garnets, with Li* ion migrate via shared tetrahedra faces around Li(1) and Li(2)
sites. Reprinted and adapted with permission from: M. Xu, M. S. Park, J. M. Lee,
T.Y. Kim, Y. S. Park, E. Ma, Physical Review B, 2012, 85, 052301.{124] Copyright
2012 by the American Physical Society.
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site to the other octahedral (48g/96h) (Figure 1.12). The "bottleneck" occurs at
the shared tetrahedra interface of Li(1) and Li(2), the subsequent activation energy
requirements to overcome this barrier were calculated as 0.26 €V, seemingly in good
agreement with experimentally observed results of ca. 0.27 €V.[124, 125] This 24d
tetrahedron and 48g/96h octahedra face sharing arrangement (Figure 1.12) forms a
3D framework of conduction that facilitates the observed high lithium-ion conduction
in the lithium stuffed garnet system.

However, LLZO may exist in two different phases: cubic (Ia3d) and tetragonal
(I4,/acd). The tetragonal phase exhibits total ionic conductivity of ca. 5.59 x 1077
S em™!, 2-3 orders of magnitude lower than that of the cubic garnet phase.[126] In
the tetragonal polymorph the tetrahedral lithium sites are completely filled, and
similar to the cubic phase, occupying three distinct symmetry independent sites
within the unit cell. Tetrahedrally coordinated Li(1) atoms occupy the 8a site, Li(2)
the distorted octahedral (16f) sites, with the Li(2") atoms occupy the distorted
octahedral (32g) sites.

To therefore ensure high conductivity of the lithium stuffed garnet solid electrolyte
it is imperative to retain the cubic phase of the polymorph. The effects of temperature
on stabilising the crystal structure in either the cubic or tetragonal phase was initially
investigated by Awaka et al. where results indicated that the tetragonal phase formed
at comparatively lower temperatures of 980 °C compared to the required 1230 °C
to attain the cubic phase.[126] To gain further clarity on the stability of cubic and
tetragonal phases, LLZO was sintered using crucibles of platinum and aluminium,
subsequent results showed the incorporation of small amounts of aluminium on
lithium sites, stabilising the highly conductive cubic phase.[127] These observations
were further substantiated with studies utilising Al,O3 as a sintering aid, which
lowered the sintering temperature by 230 °C to 1000 °C, suppressing the formation
of LayZr,O7 and attaining high total ionic conductivity of 1.4 x 107* S em™!, whilst
no crystal structural characterisation was conducted it is likely that the presence of
Al,O3 during sintering stabilised the cubic phase as observed by Geiger et al. during
sintering in platinum and aluminium crucibles.[128]

The incorporation of Al in the crystal lattice of LLZO has led to elemental
doping strategies being developed to disrupt the ordering of the tetragonal phase and
facilitated the highly conductive, isotropic 3D conduction of the cubic phase. Doping
induces structural changes by generating Li* vacancies to maintain charge neutrality
and increasing the entropy within the framework, facilitating the stabilisation of
the highly conductive cubic phase. Computational work carried out using density
functional theory (DFT) was able to calculate the defect energy and site preferences
of all hypothetical dopants for Li;LagZryOq,.

A summary of the results may be seen in Figure 1.13,[129] confirming the well-

known incorporation of AI** on the Lit site. Experimentally validated dopants have
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Figure 1.13: Preferred site, oxidation state of a range of elemental hypothetical
dopants for LizLagZr,045, calculated by DFT. The colour indicates the most stable
cation site. The shade of the colour represents the defect energy with darker colours
indicating the lowest defect energy in eV. Reprinted (adapted) with permission from
the American Chemical Society. Copyright 2015 American Chemical Society.[129]

included a large range of those that have been computationally predicted and include
but are not limited to: Al, Ta, Nb, Ga, Ca, Te, Fe, W, Sr, and Ba.[102, 130-141]
Furthermore, the possibility of incorporating multiple elements via co-doping has been
demonstrate by the addition of Ga and Al.[142] The versatility of the lithium garnet
is such that it may accommodate a large range of dopants at differing sites.[104]
A recent study demonstrates a high entropy lithium garnet that incorporated Ga,
Nd, Nb, Ta, Ce, Hf, and Ti into the crystal lattice.[143] Whilst stabilising the cubic
phase, not all dopants have a positive effect on the electrical properties and lithium
metal stability of cubic LLZO. The addition of W and Fe for instance, facilitates
a reduction reaction that results in resistive interfaces at electrode/electrolyte as
well as between solid electrolyte electrolyte grains.[144, 145] Careful selection of the

dopant is therefore required when stabilising the cubic phase of LLZO.

1.0.4 Processing of Solid Electrolyte Thin Films for All Solid
State Batteries

Optimising the electrochemical properties of lithium garnet electrolyte materials
is a crucial aspect in the realisation of ASSBs. However, careful cell level design
and engineering will be required to attain a practical ASSB configuration. This
involves aspect of solid electrolyte design and thickness, cathode and anode structure,

current collectors, and packaging. This section will however focus on the design and
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engineering of the solid electrolyte, enabling optimised electrode integration.

To reach maximum energy and power densities of ASSBs, thin, dense structures
of solid electrolytes will have to be fabricated in a consistent, uniform, and high
throughput process. A thin dense layer is desirable as the conductivity and power
density are linked to final film thickness and density. Figure 1.14 demonstrates the
link between density and ionic conductivity, whilst film thickness may affect power

density and rate capabilities.
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Figure 1.14: Logarithmic total ionic conductivity as a function of density for solid
electrolyte Lig19AlgorlaszZraO15. Reproduce with permission from John Wiley &
Sons, Inc.[146] Copyright 2016 The American Ceramic Society.

Laboratory scale research utilises electrolyte pellets in thickness usually > 5 mm.
Whilst convenient for small scale research, to be considered an alternative to lithium-
ion batteries, thickness should be as thin as possible. The required solid electrolyte
thickness may be calculated using a design consideration drawn from the fabrication
of solid oxide fuel cells (SOFC). Now heavily employed in the ASSB community, the
area specific resistance (ASR) (Equation 1.12) may be used to provide the specific

internal resistance of a targeted section in a layered system.

ASR=L (1.12)

o

Where L is the thickness of the electrolyte and o is the ionic conductivity. Using
the equation, it is possible to calculate the maximum electrolyte thickness permissible
for ASSBs to be competitive with lithium-ion batteries. Schnell et al. stipulated a
Li-ion benchmark ASR,[147] where a theoretical liquid system with a 25 pm thick
film of liquid electrolyte and conductivity of 20 x 1072 S em™! would yield an ASR
of 0.125 © cm?. Considering the tortuosity of a porous separator, this value was
increased to 3.75 Q cm?. Using the benchmark of 3.75 Q cm?, it is easy to calculate

the required conductivity of a range of thicknesses.
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In Figure 1.15, a depiction of solid electrolyte conductivities is presented alongside
their corresponding maximum permissible thicknesses for ASSB application. The
perovskite and LISICON candidates consistently fall below 10 pum, often failing to
exceed a thickness in excess of 1 pm. In contrast, NASICON and garnet candidates
display broader ranges spanning from 11.25 um to 67.5 pum, underscoring the intrinsic
link between conductivity and effective solid electrolyte thickness. As mentioned,
lithium garnet electrolytes display a high ionic conductivity and a wide electrochemical
window against lithium metal. Coupled with a benchmark minimum of 37.5 ym
maximum permissible thickness, cubic garnet compositions present an excellent
candidate for film processing and the electrolyte of choice for processing studies
presented in this thesis. Furthermore, any subsequent reductions achieved below the

maximum permissible thickness would reduce the ASR, thus increasing performance.
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Figure 1.15: Conductivities of different electrolytes at or close to room temperature.
Text colour in legend indicates structure, Blue = NASICON, Green = Garnet, Red
= Perovskite, and Purple = LISICON. The 1 pm, 10 pgm, and 50 um lines are the
minimum conductivity required at stated thickness for a competitive resistivity of
3.75  cm?, equal to that of a Li-ion cell. Electrolytes need to fall above the line
of thickness to meet requirement. The Second Y axis in the graph indicates the
maximum permissible thickness that an electrolyte may possess whilst still meeting
the 3.75 Q cm? resistivity for a viable solid-state battery electrolyte. Data extracted
from ref.[101]

Various fabrication techniques have been utilised to create thin, high density solid
electrolytes. Among these methods are vapour deposition techniques such as pulsed
laser deposition, sputtering, atomic layer deposition.|87, 147] While these approaches
enable the production of films with thicknesses < 1 pm, their practical application
has presented significant challenges. Their high cost, low Technological Readiness
Level (TRL), and scalability issues have constrained their potential for widespread
use in ASSBs. However, these techniques have found recognition in the realm of
micro batteries, particularly for powering Internet of Things (IoT) devices.[148, 149

However, techniques with a higher TRL poised for implementation are once again
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drawn from the SOFC community. Notably, screen printing and tape casting stand
out among these methods. The techniques utilise a suspension system that deposits
a film of electrolyte which, when further processed, results in the formation of dense
freestanding oxide film. The success of the techniques has meant that they are in
current commercial use for SOFC and are predicted as primary fabrication technology
for oxide solid electrolytes.[147, 150] Whilst few examples of screen printing exist,[151]
tape casting appears to have been the preferred technology of choice for processing
and development.

Early studies demonstrated the potential of tape casting as an fabrication route
for lithium garnet solid electrolytes.[152] However, initial attempts yielded low
density films around ca. 500 pm, indicating the requirement for optimisation.
Subsequent efforts by Gao et al. achieved highly dense films (99 %) at ca. 200

pum thickness with high ionic conductivity of 0.52 mS cm™!

. Based on Equation
1.12, the maximum thickness of the solid electrolyte should not exceed ca. 20 pm.
Nonetheless, the authors demonstrated the feasibility of producing dense LLZO based
oxide films without structural loss or pore formation, often linked to deleterious
lithium volatilisation.[153]

Further advancements demonstrated the creation of a free standing perovskite type
Lig 34Lag 56 TiO3 with a final thickness of 25 pm.[154] Results however noted that the
thickness significantly impacted the film strength. The breaking force dramatically
decreased from 1959 to 109 mN for thicknesses of 115 to 25 pum respectively. An
optimal film thickness sturdy enough for use in an ASSB assembly was determined
as 41 pm and above. Producing films below 100 pum poses challenges, as thinner
electrolyte films become increasingly brittle with higher density, reducing fracture
toughness. [146]

Fabrication of films can be extremely challenging due to the need for mechanical
support, and thin film electrolytes may be extremely brittle as increasing density
decreased the electrolytes fracture toughness.[146] Moreover, the limited interfacial
contact area between flat planar interfaces exacerbates this issue. Volumetric changes
arising from electrochemical cycling results in cracking and failure and decrease the
anode contact area, impeding Li-ion diffusion, elevating interfacial impedance, and
promoting dendrite formation. While thin, high-density films optimise ionic conduc-

tivity and bulk resistivity, they simultaneously exhibit lower fracture toughness.

Architecture Engineering

One approach to address these challenges involves providing a mechanical support.
In recent years, studies have focused on 3D architectures that provide a porous
structural network either side of a thin solid electrolyte film. The aim is to mitigate

challenges related to low fracture toughness and contact issues arising from electrode
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volumetric changes. Initial investigations resulted in a bi-layer configuration designed
to increase the film strength by incorporating a porous electrolyte onto a planar
surface.[155] Subsequent optimisation efforts lead to a more promising tri-layer
configuration (Figure 1.16), composed of two porous host sections encasing a thin

dense central layer. These architectures have been successfully demonstrated on

multiple occasions.[156, 157|

Figure 1.16: Lithium garnet solid electrolyte trilayer architecture in a porous-dense-
porous configuration. Reprinted from Hitz et al..[156] Copyright 2018 with permission
from Elsevier.

The lithium garnet electrolyte was deposited using a tape casting method. To
incorporate pores into the structure, PMMA microspheres were added during the
casting process. The subsequent sintered film resulted in scaffold with a central
electrolyte thickness as low as 14 um, surrounded by a porous network, achieving
an overall solid electrolyte thickness of ca. 150 um.[156] The authors demonstrated
the structure’s ability to withstand dendrite formation over hundreds of cycles, even
under high current densities of up to 10 mA ecm~2. Furthermore, the mechanical
strength was evaluated through a direct comparison between a 20 ym dense layer
and a 20 um dense layer surrounded by two 50 pum porous layers. This comparison
revealed a notable increase in strength, from 36.7 mN to 321 mN, increasing the
mechanical strength by a factor of nine. The 3D porous-dense-porous architecture
increases fracture toughness, enabling successful handling and tape manufacture of
thin dense solid electrolyte configurations.

Additionally, the porous scaffold facilitates electrode infiltration, effectively miti-
gating electrode volume expansion and deleterious effects stemming from contact loss.
This not only improves adhesion in comparison to planar surfaces but also reduces
ionic diffusion distance between electrodes. This innovative 3D architecture not only
demonstrates the potential for fabricating thin, dense layer films but also addresses
challenges related to the low mechanical strength and resolves issues associated with
Li-metal contact on planar surfaces.

The incorporation of a porous framework introduces a complexity in providing a
tortuous path for ionic transport, thus complicating the diffusion of Li* ions. For
optimal efficiency, the transport pathway should be as direct as possible, approaching

unity, facilitating infiltration, and minimizing the length of the Li* diffusion route.
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Enhanced control over the porous structures can be attained through various
methods, such as 3D printing and freeze tape casting (FTC). Employing 3D printing
for LLZO scaffolds enables the creation of uniform, regulated arrays, and grids atop
a thin, dense layer of LLZO electrolyte. Within their study, the authors showcased
two types of 3D printing: a conformal ink that adhered to the substrate’s surface

and a self-supporting ink allowing for stacked structures.[158]

Conformal
Ink

Self-
Supporting =
Ink

Figure 1.17: SEM images of 3D-printed LLZO conformal (a)-(c) and self-supporting
(d)-(f) architectures. Reproduced with permission from ref.[158]| Copyright 2018
Wiley-VCH

The versatility of this technique enabled the production of a wide array of
architectures (Figure 1.17). However, challenges persist regarding the scalability and
cost of the technique, as well as resulting larger gaps between features, which could
potentially lead to reduced ionic transport.

The preparation of FTC closely resembles the conventional tape casting process.
A ceramic slurry undergoes vigorous mixing and is subsequently cast onto a cooling
bed. Exposed to a temperature gradient, solidification of the solvent occurs from
top to bottom, leading to phase separation and vertical growth of the frozen solvent.
Subsequent sintering resulted in a ceramic scaffold characterised by vertically oriented
channels with minimal tortuosity, aligning roughly parallel to the current’s direction.
This stark contrast in pore alignment and structure between the use of polymeric pore
formers and FTC becomes evident when comparing Figure 1.16 and 1.18.[159-161]

Both mentioned 3D geometries mitigate critical issues, including high interfacial
impedance between the electrolyte and the electrode, as well as mechanical issues
like delamination and electrolyte fracture arising from electrode volumetric changes.
The development of novel 3D architectures is a crucial development in achieving
ASSBs. Moreover, further design and engineering of these architectures by integrating

electrolytes of similar chemistry but differing electrical properties shows promise for
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Figure 1.18: Fracture surface of sintered freeze-tape-cast LLZO architectures. (a)
Sintered porous-dense (140 pm/36 pm) bilayer. (b) Porous-dense-porous trilayer
(130 pm /37 pm/130pm). SEM micrograph of the dense (c¢) 14 pum layer and (d)
porous scaffold. Reprinted (adapted) with permission from ref.[160| Copyright 2020
American Chemical Society.

enhancing electrode integration. This concept, albeit in its early stages of exploration,
holds potential for optimised performance, as highlighted in recent research.[162]
FTC and traditional tape casting hold a high TRL and offer cost-effective, scalable
methods for mass-producing solid electrolytes. However, they tend to lack precise
control over porous architecture, leading to highly tortuous networks. Conversely,
3D printing shows promise in creating bespoke and highly customisable architectures.
Yet, due to its lower TRL, 3D printed electrolytes remain an emerging technology.
Consequently, tape casting stands out as the preferred fabrication technique for the
mass production of solid electrolytes, given its established reliability and maturity

from years of advances in the SOFC community.

1.0.5 Summary of Thesis Aims

All solid-state batteries are poised to provide fast-conducting, high energy density
and stable batteries for the world’s future energy needs. Extensive research efforts
have provided the rapid development of future materials to meet the challenging re-
quirements of an all solid state battery system. Although results have been promising,
the inherent nature of solid state brings challenges such as poor interfacial contact,
high area specific resistivity, lower power densities and challenging processability.
Compounding the problem is the formation and propagation of lithium metal den-

drites limiting high current densities, ultimately culminating in short circuit and
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subsequent battery failure.

Recent studies have indicated that dendrite growth is a result of high electronic
conductivity. To therefore better understand how electronic conductivity influences
the mechanism behind dendrite growth and solid electrolyte degradation, the known
garnet-structured compound Lig4LagTagZr; 4012 was aimed to be modified using
Mn**. Modification of the solid electrolyte was conducted in a controlled degree
to carefully modulate the electronic conductivity of the system. A comprehensive
collection of analytical techniques is applied, including the use of conventional and
synchrotron diffraction, electrochemical, spectroscopic, and computational techniques
facilitated extensive characterisation of the synthesised solid electrolyte’s properties
and structure.

Overcoming interfacial resistance and processability issues pose additional chal-
lenges. Present solid electrolyte configurations rely on planar lab-based pellets.
Recent studies, however, suggest engineered porous architectures, realised through
tape casting, could enable thinner configurations, maximizing electrode contact area
consequently minimizing interfacial resistance.[156] These structures however often
present a homogeneous ionic conductivity with low electronic conductivity, impeding
ion and electron flow at crucial electrode interfaces. One of the aims of this thesis
is to produce a thin, tape-cast garnet solid electrolyte bi-layer, demonstrating the
possibility for engineered solid electrolyte structures with differing properties. One
side will possess potential mixed-ionic electronic conductivity Lig4FegolagZroOqs, fa-
cilitating efficient electron and ion percolation at the electrode. Meanwhile, the other
side will feature lithium garnet Lig4LasTaggZr; 4012 which holds a low electronic
conductivity.

To summarise, this thesis aims to investigate the correlation between electrical
conductivity and the formation of dendrites, as well as the subsequent degradation
in solid electrolytes. Additionally, it aims to evaluate the processability and com-
patibility of tailored layered solid electrolyte films containing solid electrolytes with

differing properties, aiming to facilitate seamless integration with electrodes.
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Chapter 2
Experimental Methods

This chapter provides details on all techniques, protocols and methods employed
for the synthesis, processing and characterisation of materials used in this thesis.
An overview of basic principles are provided to aid in the understanding of these
methods. Specific details on processing, characterisation parameters and materials
used for synthesis are provided in the experimental section at the beginning of each

chapter.

2.1 Synthesis and Processing

2.1.1 Solid State Reaction

Synthesis of novel and known inorganic solids are often achieved via solid-state
reaction. The method is one of the oldest and simplest ways of preparing inorganic
solid compounds and is used extensively in industry and academia. In order to achieve
the desired target phase, starting reagents are precisely weighed in stoichiometric
ratio and mixed or ground together using an agate pestle and mortar. However, for
larger quantities over ca. 5 g, mechanical mixer mills, as discussed in Chapter 2.1.2,
are commonly employed. Furthermore, mechanical mills allow for greater use of
volatile organic solvents such as acetone, ethanol, or isopropanol to facilitate greater
dispersion and mixing during operation.

The mixing and subsequent grinding reduces individual particles in size and
achieves a distributed, mixed state on a particle level. The homogenous mixing of
particles is required as by definition a solid-state reaction takes place at temperatures
below the melting point of solids, typically ca. 2/3 of the melting point (7). This
is known as the Tammann rule which was developed in the early 20" century and
states that at temperatures higher than about two thirds of the melting point,
charge carrier concentration in solids becomes substantial and reactions may occur
between solid-state materials.[163] As a consequence of decreased temperatures,

primary reactions only occurring at the interface of two solids and are propagated
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via diffusion from the bulk to the interface. As such, a highly homogeneous mixture
of small particles is desirable to increase the available surface area and minimise
the solid-state diffusion lengths. Interfacial reactions often may not occur at room
temperature or over an acceptable timescale and therefore require a sufficient amount
of thermal energy to overcome the barrier for reaction. Box furnaces such as seen
in Figure 2.1 use resistance heating to achieve temperatures up to 1500 °C, thereby
facilitating a reaction environment for diffusing particles to overcome thermodynamic

restrictions of interfacial reactions.

Furthermore, furnace atmospheres may also be tailored with the use of oxygen,
argon, hydrogen/nitrogen mix or a bespoke mix to enable the desired reaction.
Nevertheless, overall reaction times may often still exceed many hours to achieve

complete reaction such to form the desired polycrystalline material.

In order to contain the solids during the reaction, and restrict undesirable side
reactions with the furnace lining, vessels are used throughout heating regimes. The
reaction vessel, or crucible, needs to be suitably inert towards the reagents, so as
not to react with the compounds as well be able to withstand the high temperature
environment of the furnace. Crucibles often used for this are made of SiO,, Al,Os3,
7104, MgO or even Pt; in some cases, a reaction may not be able to be conducted in

an open atmosphere and a sealed glass ampule may be used instead.

In this work, solid electrolyte material for processing and investigation was
synthesised via the solid-state reaction route using a Carbolite Gero Laboratory
Chamber Furnace. Stoichiometric powders were mixed/milled in a Retsch Mixer mill
MM500 Nano, seen in Figure 2.2d to synthesise target material batches in excess of
10 g.

EF—
® = ' .
. . IE]
® =
& ==
Starti t Powd ixed and .
= .|ng. reagE|.1 D o ers.are S Powdersare Synthesised
stoichiometrically ground in pestle and & :
2 B B heated in furnace polycrystalline
weighed out mortar or mixer mill 2 < 2
to drive reaction material

Figure 2.1: A process schematic of a typical solid state reaction route. Stoichiometri-
cally weighed out reagents are ground in an agate pestle and mortar or mechanical
mill to mix and reduce particle size. The processed particles are then placed in a box
furnace for heat treatment to facilitate a reaction to form the required polycrystalline
powder.
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2.1.2 Particle Size Reduction and Mixing

In powder processing it is often necessary to reduce the particle size of the desired
material for further processing, the most common, and simplest way to reduce
the particle size is through mechanical milling. Auspiciously, mechanical milling
also offers additional advantages to particle size reduction, providing blending for
heterogeneous mixtures or homogeneous distribution of particulates. This may be
achieved by either the mixing of reagents, or the incorporation of polymers and
dispersants. Mechanical milling involves loading the desired sample into a vessel
along with objects known as grinding media. Grinding media may come in a variety
of shapes and sizes dependent on the desired outcome of operation. During this
work, spherical balls and cylinders of yttria-stabilized zirconia (YSZ) were used. The
grinding media should possess a hardness rating greater than that of the sample and
match the chemical composition of the vessel lining. However, alternative materials
used for the media and lining often include ZrO,, WC, stainless and hardened steel.
In order to achieve the desired outcome of particulates, several types of milling may
be employed, the most common being: planetary, tumbler, attrition and vibration

ball milling.

In planetary ball milling the jars revolve around the centre on what is commonly
known as the sun wheel, while the jars themselves undergo a counter rotation, result-
ing in strong centrifugal forces in combination with Coriolis acceleration. Maximum
rotational speeds of up to 2200 rpm are achievable, whilst rotational ratios during
operation may be tailored: for example, a ratio 1:-2 corresponds to one sunwheel
rotation to two jar rotations in the opposite direction. During rotation, the grinding
media and particles become dislodged from the wall, and reconnect with the opposing
wall delivering a large amount of kinetic energy from the milling media upon impact
with the sample which allows for effective particle size reduction and mixing. The
large amount of kinetic energy is also known to achieve chemical synthesis for several
materials including battery cathodes, a process which is known as mechanochem-
istry.[164, 165] This type of high energy milling is well suited to smaller quantities of
powder (<60 ml).

Attrition milling as seen in Figure 2.2¢ places the material within the container
alongside a large number of grinding particles, providing a considerably high degree
of surface contact. An inserted impeller rotates within the stationary container
housing producing a differential movement between the grinding media and material.
Rotational actions subsequently result in a large degree of irregular movement for
the grinding media, translating into constant impact forces. Additional shear forces
occur due to the random movement of grinding media that with high surface contact
exact shear forces on the surrounding particles. In comparison to other milling types

less grinding occurs at the container walls, which act primarily acts as containment.
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Figure 2.2: Images of commonly used ball mills with rotational schematics. (a)
Planetary ball milling is employed by the Fritsch Pulverisetter 7 planetary ball mill.
(b) Tumbler ball mill by Retsch (formerly Glen Creston). (c¢) Attrition mill Model
01-Lab Attritor from Union Process.(d) Mixer mill MM500 nano by Retsch that
utilises vibration ball milling.

Attrition milling often operates at speeds from about 60 rpm to 300 rpm and can be
implemented in either batch or continuous processes.

Tumbler milling utilises gravitational forces to achieve milling. Grinding media
and powder particles are loaded into a cylindrical vessel, which is rotated horizontally
about its axis. Rotational speeds may be tailored to achieve different types of milling
actions. At lower rpm, media cascade down one another, thereby inducing friction
and shear forces. Whilst higher speeds induce the media to fall from the top of the
vessel thereby impacting and transferring kinetic energy into the powder particles.
The speed of the mill should be carefully selected to ensure the desired effect of
the grinding media on the particles. Subjecting the grinding media to centrifugal
forces by exceeding the recommended speeds will cause them to impinge on the
wall. Conversely, low speeds will prevent the grinding media from achieving grinding
by causing them to remain at the bottom of the vessel. Several other variables
should similarly be considered, including, the loading rate of grinding media and

powdered particles. This is to ensure the desired milling action of the tumbler. The
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scalability of the tumbler mill is such that it may be employed in a laboratory setting
with quantities as low as 5 g up to industrial applications into several hundred
kg. Furthermore, the process may be batch or, with an applied tilt to the axis, a
continuous process.

In this work tumbler milling was used for the mixing of synthesised powders
with solvents and commercially available organics to form tape casting slurries.
However, all initial mixing of powdered reagents, as well as synthesised powder
particle reduction was conducted via vibrational ball milling. Where, in contrast to
the other forms of milling, particle agitation is achieved by a horizontal movement
of the vessel in radial oscillations; as a result milling frequencies are measured in
Hz rather than rpm. The operational movement leads rounded grinding media to
impact with high energy onto the sample and vessel walls, thereby reducing the
particle size. As with planetary mills, high frequency vibrational mills are capable of
mechanochemistry, due to the high kinetic energy and subsequent release of thermal
energy. Use of lower frequency oscillations and smaller media allows for mixing of

samples rather than particle size reduction.

2.1.3 Tape casting

Tape casting, is a technique established in the 1940s for the high throughput pro-
duction of ceramic films with thicknesses ranging between 5 to 500 pm.[166] In the
most basic explanation, a ceramic powder is combined with a range of solvents,
polymers, and dispersants to form a slurry/slip. The resultant slurry is deposited
on a non-stick surface where a doctor blade, set to a gap to produce the desired
ceramic film thickness, is traversed over the slurry. After casting on the supportive
non-stick substrate, the slurry is dried. Following drying and volatilisation of the
solvents, the slurry is known as a green body or green tape. The desired green
tape properties, such as malleability, ease of handling and structural cohesion allow
for further processing; including lamination, which is often utilised to increase the
powder packing, or combine tapes of different properties prior to sintering. The
compositional make up of a slurry may vary, however some core components of the
system always include: ceramic powder, solvent, dispersant, binder, and plasticiser.

The ceramic powder is the material of interest in tape casting and should be
the remaining constituent following sintering of the green body. It is therefore of
importance that the ceramic powder is of the desired phase and chemical purity post
sintering. In order to obtain the desired tape consistency and shape, the powder
particles need to be of the correct size for processing. A small particle size is generally
desired for effective particle packing and increased surface contact area which aid
in green body malleability and sinterability. Excessively small particle size may

however lead to drawbacks of tape shrinkages and slurry gelling as a result from
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large surface area.[167| The particle size and morphology therefore has a great effect
on the viscosity, castability, and sinterability of the slurry, and consequently on
the properties of the tape; particles must therefore be carefully characterised and
optimised.[167]

In order to form a ceramic slurry, a solvent is required. The solvent has several
roles, including facilitating the dissolution of organic materials and allowing for the
homogenous distribution of all constituent components throughout the slurry. It
must however not react with the ceramic powder and only act as an organic solvent,
as well as carrier for the ceramic particles. Volatility and polarity of the solvent need
to be carefully considered, as solvent properties contribute to the control of the slurry
viscosity, organic particle dissolution and evaporation speed. Undissolved organic
materials will lead to streaking and surface inhomogeneities such as uneven thickness,
whilst volatility dictates drying times of the green tape, which in turn greatly controls
processing times. Care is required in order not to shorten drying times excessively,
as this may lead to cracking, warping or the formation of a skin during the casting
process. Solvents for tape casting are often toxic, inflammable and expensive, thereby
requiring safety measures such as fume hoods during processing. As a result, several
concerted efforts are being made to mitigate the associated hazards as well as reduce
the high costs by replacing these solvents with aqueous solutions.[167, 168§]

Mixing stages, such as tumbler milling or shear mixing of all components during
slurry preparation often result in a homogenous distribution of the ceramic powders
within the solvent carrier. However, due to electrostatic or Van der Waals forces,
the ceramics powder can agglomerate and settle within the solvent following these
processes. This leads to poor viscosity of the slurry during casting as well as
inhomogeneous particle dispersion within the tape. In order to prevent this, a
dispersant or deflocculant is used to create electrostatic/steric repulsion forces,
keeping ceramic particles in a stable suspension.|169] In the case of steric repulsion,
which has been used in this thesis; repulsion is achieved via the addition of polymeric
additive known as a deflocculant. The deflocculant is dissolved in the solvent and
coats on the outside of the ceramic powders, polymeric chains then unfold and stretch
into the space between particles. Polymer chains of neighbouring particles interact
with each other forming steric repulsions, resulting in particle repulsion as seen in
Figure 2.3. The required amount of dispersant needs to be sufficient to prevent
agglomeration but must be kept to a minimum to ensure the lowest level of polymer
chains between particles, which, with excessive use, results in agglomeration.

In order for the ceramic powder to retain its shape following solvent evaporation,
a binder is required. The binder provides strength and malleability to the green tape,
imparting formability and handleability between processes, as well as permitting
lamination of green tapes. Commonly used families of binders are vinyl, acrylic

and cellulosic binders. The choice of binder is important as they strongly govern
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Figure 2.3: To overcome agglomeration and flocculation ceramic particles are covered
with a polymeric layer. This layer unfurls and keeps them in a stable suspension via
steric repulsion.

the rheology of the slurry, with low molecular weight polymers resulting in lower
viscosities. Quantities of binder similarly play an important role, too much binder
results in voiding of the sintered tape, leading to lower densities, and too little
resulting in cracking of the green tape. The type of binder must further be considered
during sintering, as it must display rapid and clean burnout leaving no residue
within the tape, but also not sudden combustion in order to avoid rapid gas volume
expansion which leads to anisotropic shrinkage, delamination, cracking and bubbles
within the tape.[170]

To retain the malleability and flexibility following solvent evaporation, the binder
needs to be softened via the use of a plasticiser. The function of the plasticiser is
to break the close alignment and bonding of binder molecules, thereby reducing
the strength of the green film and subsequently improving flexibility. The choice
of plasticiser may fall into two categories: Type 1 — Glass transition temperature
modifier and Type 2 — Internal lubricant of polymeric chains. Type 1 plasticisers
soften the chains allowing for more stretch within the tape. Large quantities however
cause excessive elasticity and tape tackiness. Optimised quantities must therefore
be found experimentally. Examples of type 1 plasticisers include phthalates such as
Dioctyl phthalate, Dibutyl phthalate, Butyl benzyl phthalate.[171] Type 2 plasticiser
provide internal lubrication of polymeric chains increasing their mobility and reducing
cracking of tapes as well as providing increased plasticity, ideal for lamination and
deformation around topography in multilayer systems. Examples of type 2 plasticisers
often include glycols in polymeric form such as Poly(ethylene glycol) or Poly(propylene
glycol).[171] The ceramic slurry is a complex multicomponent system; selection of the
type and amount of dispersant, binder and plasticiser is often an extensive trial and

error process that has seen tape casting dubbed as a “dark art”. Minor changes to the
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system may yield vastly different results to the properties of the slurry, and as such
much optimisation may be dedicated to slurry systems in order to yield satisfactory
results for processing. In general, the constituents of the slurry are adjusted to find
a formulation that delivers: defect-free drying, cohesive, malleable green sheets with
homogeneous microstructure that can be effectively laminated; with good binder

burnout characteristics and results in high mechanical strength after sintering.[171]

Preparation of the slurry is performed in a multistage process; the exact process
and steps vary greatly between material system and experimental set up and only a
general guidance on preparation may be provided. The initial stage is the intimate
mixing of dispersant with ceramic powder in solvent, which can be achieved via low
level mechanical ball milling, often in a tumbler ball mill using milling media. This
is to ensure agglomerates are broken up and a homogeneous coating of dispersant is

achieved on the ceramic powder particles.

Simultaneously, in a separate process the polymer binder is dissolved in the
slurry solvent via agitation. Following separate mixing and homogenising steps, the
two components may be combined and further processed via ball milling or shear
mixing to form the desired slurry. The ratio of each constituent element and mixing
times must be determined experimentally, as each component interact with each
other differently. High ceramic particle content and a low binder content are desired
however, subsequent casting properties may be negatively affected with incorrect
ratios. A compromise must therefore be found in order to balance workability and
high solid loading. The amount of ceramic powder included must therefore be
experimentally determined to find the optimum ratio for processing. The ceramic
powder ratio must therefore be accurately quantified and is expressed as the solid
loading Sy, in Equation 2.1, where solid loading equals the ratio of the powder volume

to the total volume of the suspension.

Vi owder
Sy = P - 100 2.1
- Vpowder + Viiquid ( )

Correct ratios of constituent elements for processing need to be determined
experimentally; however, in general, a set of conventional rules for processing may
be followed to allow for the successful tape casting slurry preparation. These rules
include achieving the lowest possible organic component to ceramic powder ratio,
fixing the solvent level at a minimum to maintain a homogeneous slurry, using the
minimum necessary amount of dispersant to ensure slurry stability, and adjust the
binder/plasticiser ratio to create a flexible resistant and easy to use tape.[171]

The casting of the slurry is conducted using a doctor blade on a supportive,
nonstick substrate where either the blade or the supportive substrate moves. Small
scale laboratory settings often employ the discontinuous technique where the doctor

blade is traversed along the supportive substrate, this is mostly performed on small
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tape casters. A schematic of the process is displayed in Figure 2.4. Conversely large
scale applications for mass production use continues casting where a reservoir of
slurry is held fixed, and the substrate is continuously moved. This thesis utilised the

discontinuous method.

Doctor Blade

Castingbed  Mylar Slurry l’ Casting direction>

VLV

Vacuum

Figure 2.4: Simple schematic representation of the tape casting process. The prepared
slurry is deposited on a supportive non-stick film (Mylar) that is held in place by a
dynamic vacuum on the casting bed. A doctor blade set to the desired film height
traverses over the slurry casting it on the Mylar.

During casting, the doctor blade is set at a desired gap height h, for the green film
thickness and then traversed at a set velocity v, casting the film along the supportive

substrate. Using these parameters, the shear rate, 7, of the tape may be determined:

Y= 7 (2.2)

The shear rate 7, is measured in reciprocal seconds, the velocity v, is measured
in meters per second and the gap height A, in meters.

Height adjustments of the doctor blade results in thicker or thinner tapes, and
these changes, will affect the shear rate of the slurry and subsequently the viscosity,
impacting overall mechanical properties and castability. Following casting, the tape
is dried of all solvents to produce a green tape, drying times may vary and may be
decreased with the assistance of heaters. Drying times however need to be closely
monitored as elevated times may result in warping or cracking of the green film,
excessively slow drying times however result in long processing times. Dried green
films may be removed from the substrate and further processed via lamination,
cutting or punching. The final step in the process for green films is the sintering,
where it is important that sintering parameters allow for slow binder burnout in order
to ensure minimisation of porosity formation from gas volatilisation. The subsequent

sintered tape may then be further processed as desired.
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2.1.4 Sintering

Sintering is the process of consolidating loose powder particles into a continuous,
dense structure through the application of high heat and/or pressure, without melting
the powders. The densification of powders decreases the number of pores, increases
density, and offers increases in mechanical strength. These attributes are extremely
pertinent to that of ceramic solid-state electrolytes, as high strength and density are
often required for processability and optimum conductivity values.

As powders are heated, atomic diffusion occurs at particle necks, propagating
and eliminating pores. The mechanistic driving force is due to a change in the
free/chemical potential energy resulting from the decrease in surface area, the solid-
gas interface is decreased and replaced by a new lower energy solid-solid interface
resulting in an overall decrease in total energy of the system (Figure 2.5). As such,
control of thermal parameters is important due to their direct effect on kinetic
diffusion rates; however, other factors similarly contribute to the sintering process

such as: particle size, particle distribution, chemical composition, and furnace

atmospheres.
Unsintered particles Particle fusing Slgm‘flcant de.crease
In porosity
<

88..

Figure 2.5: Schematic representation of particle sintering process. Unsintered particles
display large interstitial pores and high surface area. During sintering neck formation
occurs by diffusion resulting in decreased pore and surface area. Pores and surface
area continue to decrease resulting in a large, fused structure.

In scenarios where the sintering duration may need to be decreased or particulate
fusing is particularly difficult, liquid phase sintering may be employed (Figure 2.6).
The technique utilises a liquid phase to accelerate and facilitate improved inter-
particulate bonding. Powerful capillary forces lead to particles being drawn into
rearrangement during sintering and, additionally, mass transport is enhanced due
to diffusional mechanisms being orders of magnitude higher than in solids. Liquid
phase sintering is an excellent technique for materials which are otherwise difficult
to densify.[172]

Conventional sintering in a laboratory setting often occurs in a chamber furnace
as seen in Figure 2.1. The compacted powders are placed inside of the furnace and

heated to the desired temperature. The furnace affords precise control of heating
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Grain growth and

Mixed powders Liquid phase formation densification

Figure 2.6: Schematic representation of liquid phase sintering process. An additive
is added to the mixed particle state which under sintering conditions transforms into
a liquid phase. Capillary forces lead to particles being drawn into rearrangement
followed by grain growth and densification.

rates, dwell times and temperature set points. For the work discussed in Chapter 5,
conventional sintering and liquid phase sintering were used where components were

placed in Al;O3 crucibles and densification was conducted in a chamber furnace.

A more advanced technique for powder consolidation is spark plasma sintering
(SPS), involving the application of high pressure and temperature in the presence
of an electric field to achieve densification via Joule heating. The name SPS is
often disputed due to the lack of consensus over the presence of plasma during
operation. For this reason, the technique is often also known as field assisted
sintering (FAST).[173-175]

In SPS, powdered samples are placed in a graphite foil-lined graphite die housing,
with graphite discs encasing the top and bottom of the sample (Figure 2.7). The
purpose of the liner and discs is to prevent the sample from adhering to the graphite
die walls and ram rods. Uniaxial pressure between 50 and 250 kN is applied via
inserted graphite ram rods, delivered by hydraulic rams. The process takes place
under vacuum, and high pulsed electric currents of 1 to 10 kA with low voltages
(<10 V) are applied. Temperature is recorded using a thermocouple placed inside
the die housing. The pulsed current induces rapid heating through Joule heating,
Q = I’R (Q: heat generated in joules, I: electric current in amperes, R: electrical

resistance in ohms).

Current flow and subsequent heating mechanism are dictated by the electrical
conductivity of the powder as well as the die, and are therefore governed in three
possible ways: conductive powder and insulating die, non-conductive powder and
conductive die, conductive powder and conductive die.[175] With a conductive powder
and an insulating die, the current is forced to flow through the sample resulting
in the highest possible current densities which directly heat the sample. In the
second case, with a non-conductive powder and a conductive die, the current flows

through the die housing and the sample is heated through thermal conduction. A

o1



CHAPTER 2. EXPERIMENTAL METHODS

Pressure/

Electrode (+)

Graphite spacer

Graphite ram

rods - Graphite mould

Powder - - Thermocouple

Electrode (-)

Water cooled vacuum
chamber

)

Pressure

Figure 2.7: Schematic of the SPS technique for the sintering of powdered particulates.
Under uniaxial pressure, samples placed within the graphite die under vacuum are
subjected to high-frequency pulsed DC currents. This process rapidly heats and
densifies the powder via Joule heating.

conductive powder and die will allow for the same effect as the first scenario albeit
with a lower current density through the sample. The applied pressure promotes the
compaction and facilitates the consolidation of the individual powder particles. The
process is highly efficient and can achieve high densities for samples in a short time
compared to traditional furnace sintering techniques. The success of this technique
has led to its utilization in the research of metals and ceramics. More recently, it has
found applications in battery materials, such as garnet solid electrolytes, where a
high relative density is required.[173, 176] Whilst effective, the process still requires
advanced machinery and instrumentation, and coupled with a requirement for large
amount of operational space, the process becomes cumbersome and expensive and
therefore remains unlikely to be adopted for high output production purposes.

SPS was utilised for the work discussed in Chapter 3 and a schematic of the
overall SPS set up is provided in Figure 2.7. However, the major disadvantages
of SPS is the requirement of either high thermal energy, resultant low processing
output or long sintering times; other sintering techniques are therefore currently
under development which include sintering at lower temperatures,[177] microwave
sintering,|178] and flash sintering.[179]
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2.2 Characterisation Techniques

2.2.1 Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) has become one of the most consistently used
analytical techniques to assess the purity and structural parameters of crystalline
powders. The generation and use of X-rays is not just central to PXRD in general, but
also plays a crucial role in many analytical techniques used extensively throughout
this thesis.

In 1895 German physicist Wilhelm Rontgen discovered X-rays, for which he would
later win the 1901 Nobel Prize in Physics. X-rays occur at wavelengths between
10712 < X < 1072 m and reside between 7-rays and the ultraviolet region on the

electromagnetic spectrum, corresponding to an energy range between 0.1 — 100 keV.
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Figure 2.8: (a) Schematic representation of Cu 1s electron ionisation followed by a
2p electron dropping into the 1s electron level, the excess energy released generates
Ka X-rays. (b) Bremsstrahlung, K8 and Ka shown on a characteristic Cu X-ray
emission spectra. Illustration adapted and reused.[180]

A common method of X-ray generation in a laboratory setting occurs with the use
of an X-ray tube, where an electrically heated tungsten filament emits electrons into a
vacuum. The emitted electrons are accelerated via a high potential difference towards
a metal target of Cu, Fe, Cr, Mo, or Ag. When the high energy charged electrons
interact with metal target X-rays produced result in two different X-ray emissions:
polychromatic Bremsstrahlung radiation and characteristic X-ray radiation, which
is composed of unique monochromatic wavelengths related to the target material
(Figure 2.8b). Bremsstrahlung occurs when the incident electrons are slowed or
stopped by collision and subsequent lost energy is converted into electromagnetic
radiation. The monochromatic X-rays are produced when an accelerated electron

ionises an inner shell electron of the target material. An outer orbital electron
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subsequently drops down to fill the vacancy thereby emitting the characteristic
energies as sharp intense X-ray peaks known as Ka and K as shown in Figure 2.8b.
The frequency of the resultant Ka and K3 photons is defined by the difference in
energy of the electron orbits in target material. These unique emission lines occur
following the ionisation of the inner most electron from the K shell (n = 1). The
subsequent vacancy is filled by a descending electron from the L shell (n = 2) giving
the Ko line whilst electrons from the M shell (n = 3) give rise to the Kf lines.

A common example is the use of Cu as a target where following the 1s electron
ionisation (Figure 2.8a), the two characteristic radiation wavelengths may be produced
whereby the orbital is either filled from by an electron from the 2p or 3p orbitals;
the subsequent Ko and Kg radiation lines are produced at ca. 1.54 A and 1.39 A
respectively. The energy of Ko transition is split into two by spin-orbit coupling to
give two discrete wavelengths Ka; and Kas. These can be separated by use of an
appropriate monochromator, although the work in this thesis uses unmonochromated
Ka.

The characteristic wavelength of the target metal differs due to the atomic number
Z, where an increasing number shifts the lines to shorter wavelengths. In X-ray
diffraction, traditionally the Ko radiation is selected for characterisation due to its
greater intensity. To filter out the K3 and Bremsstrahlung, filters are generally used.
In the case of Cu, a thin metal foil of Ni is used which is effective at absorbing the
Cu Kf radiation and most of the Bremsstrahlung. Generally, the atomic number of

the filter element is one or two less than the target material.

Traditionally, when crystals diffract X-rays, two approaches may be used in
the analysis. The Laue equations which provide mathematically robust vector
equations and the much simpler and more widely used Bragg’s law. Bragg’s law
considers crystals as layers of atomic planes with an interplanar spacing dy,x;, where
ordered atoms may diffract incident radiation with a defined wavelength \. However,
diffraction of elastically scattered X-ray beams may only be observed when conditions
for constructive interference are fulfilled, resulting in scattered X-ray beams being

observed at specific angles 26. Bragg’s law may thus be defined as:

nA = 2dj,; sin 6 (2.3)

Where n is the integer of order of reflection, A is the wavelength of incoming
radiation, dy; is the spacing between crystal planes and 6 the angle of incidence,
which is also known as the Bragg angle.

As the incident wavelength is fixed and the intensity of radiation collected is a
function of known angles, it is possible to calculate lattice plane spacing and crystal
structures using Bragg’s law. Bragg-Brentano geometry uses reflection from a flat

sample to re-focus the diffracted beam into a detector located on the same radius as
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Figure 2.9: Bragg’s law of reflection from a set of crystal planes of atoms (yellow
spheres). The X-rays are incident at an angle 6 on lattice planes separated by
interplanar spacing distance dyi;. Beams of identical wavelength and phase are
scattered of two differing atoms, the requirements for constructive interference are
met when the path travelled by the second beam (2d sin ) is equal to an integer
multiple of the wavelength of the radiation.

the X-ray source with the sample stage and detector rotating by # and 26 respectively.
In this work, a Rigaku MiniFlex benchtop PXRD instrument was used using Cu
Koy /o (A = 1.5406 A, Ny = 1.5444 A) utilising the Bragg-Brentano geometry.

2.2.2 Rietveld Refinement

Powder diffraction are typically presented as a plot of peak intensity as a function of
angle and the peak position, width and intensity all hold information on the sample’s

crystalline structure parameters as summarised in Table 2.1.

Table 2.1: Concise collection of material information extractable from peak position,
intensity and width.

Peak Position Peak Intensity Peak Width
Atomic positions
Atomic site fractions
Lattice parameters Form factors Crystallite size
Crystal Symmetry | Thermal parameters Microstrain
Phase fractions
Absorption
Texture

To extract the encoded information of the diffraction pattern, a numerical model
is constructed where mathematical parameters related to crystal structure may be

refined to provide an accurate representation of the observed diffraction pattern.
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This technique is known as Rietveld refinement, first proposed by Hugo Rietveld for
the refinement of crystal structure parameters from neutron powder diffraction data
containing overlapping Bragg peaks.[181] The method uses the non-linear least squares
regression analysis approach to refine a theoretical model to match the experimentally
collected data. For successful refinements, reasonable initial parameters need to be
estimated including unit cell parameters, peak shape, and atomic positions. Where
the structure is related to a known phase, published crystallographic information may
be used as an initial starting point. The efficacy of the technique is such that it may
be used to garner information of unit cell dimensions, phase quantities, crystallite size
and shape, atomic coordinates, micro strains, texture, and atomic vacancy fractions.

As mentioned, the method achieves this via the least squares approach. Several
iterative steps result in the refinement of a theoretical crystallographic model until
the calculated diffraction pattern matches the experimentally collected pattern as
closely as possible. The difference between collected data and the theoretically
modelled fit may be described by the difference function M, which is defined as by

the equation:

n 1 2
M=} w [yﬁ”s - Eyfalc] (24)

Where w; is the statistical weight factor, C is an overall scale factor, y?°* is the

calc

observed data, y¢

¢@¢ is the calculated data. Due to the numerical method of the

refinement, it is important to quantify the accuracy of the model and subsequent fit
through a statistical representation of the accuracy. Several such figures of merit to

characterize the quality of the refinement include:

Weighted profile residual (R,,):

N

Rup — (%) 100 % (2.5)

? wy (yl

Expected profile residual (R.,,):

n—p :
Rewy= (=P )" 100 2.6
g (zi wi<ysbs>2> % (2:6)

Goodness of fit (x?):

R 2
P= (2 2.7
N ( R) (2.7)

The weighted R-factor, R, (Equation 2.5) follows from the square root of the
quantity minimised - in effect, this represents the difference between the experimental

data and the computed model. From a mathematical perspective, Re,, (Equation
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2.6) is a theoretical minimum error as the numerator is the residual minimised, a
"best possible" R,,,, where n defines the number of data points and p is the number
of parameters. The number of data points should be significantly larger than the
number of parameters. As such, the subtraction of the number of parameters is
often ignored. The last statistical concept is x* (Equation 2.7), and is a measure of
how well the fitted model accounts for the data.|[182] Initially starting out large, the
value decreases towards unity during iterative steps as the model produces better
agreement with the collected diffraction data. Rietveld refinements for this thesis
were performed using the Generalised Structure Analysis System II (GSAS 1I).[183]

2.2.3 X-ray Diffraction Computed Tomography

X-ray diffraction computed tomography (XRD-CT) provides diffraction information
with high spatial resolution. Initially developed in the 1980s on a laboratory diffrac-
tometer|184|, the technique is mostly applied at synchrotron facilities where state of
the art detectors and production of brilliant X-rays leads to fast and high quality
data collection and increased X-ray penetration into samples.

The application and use of X-rays at a synchrotron particle accelerator differs
from laboratory generated X-rays. However, in the first instance charged particles
(typically electrons) are similarly generated via the heating of a high voltage cathode
known as an electron gun; under vacuum the electrons are then accelerated using an
electric field in a linear accelerator up to energies of several GeV. These high energy
electrons are typically injected into a booster synchrotron, further accelerating the
electrons to the required GeV energy of the main synchrotron storage ring. Dipole
electrostatic or dipole magnetic fields are utilised along the booster ring in order to
constrain electron movement in an approximately circular path during acceleration.

Operation of the storage ring is conducted under constant vacuum in order to
minimise electron-molecule interaction during operation. A series of electromagnets
known as bending magnets placed at curved intersections deflect the electron beam
to maintain its circular path around the storage ring. As the electron beam passes a
bending magnet, it is subjected to further acceleration, and energy in the form of
electromagnetic radiation is emitted, which is also known as synchrotron radiation.
Beamlines are connected at each of these intersections of the storage ring and utilise
the synchrotron radiation as a source of X-rays for various experiments.

The structure of the storage ring appears to be circular in nature, although it
is actually a series of bends connected to straight sections to make up the orbital
nature of the ring. Along these straight sections, magnetic insertion devices known
as wigglers and undulators are located. Far more advantageous to the production
of X-rays, these devices force electrons into a sinusoidal or helical path, thereby

collimating and increasing the brilliance of the X-rays. The term "brilliance" is
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synonymous with intensity and is the primary figure of quantification to compare
different sources of synchrotron radiation. In simple terms, it is the measure of the

total flux of photons and is characterised by the equation:

photons
second - mrad? - mm?2 - 0.1BW %

Where mrad? is the divergence, mm? the beam area and 0.1BW % the wavelength

brilliance =

(2.8)

spread. In short, the brilliance describes the number of photons of a given wavelength
and direction present on a spot per unit of time. Electrons that have lost energy from
produced X-ray radiation continue to circulate around the storage ring, while lost
electron energy is replenished via the use of a radiofrequency (RF) cavities, where

oscillating electromagnetic fields provide an increase in energy.

Figure 2.10: Tllustration of a synchrotron with its individual sections, adapted and
reused with permission.|185] The sections are designated as: 1) linear accelerator
(linac), 2) booster synchrotron, 3) storage ring 4) individual beam line, 5) front end,
6) optics hutch, 7) experimental hutch, 8) control hutch, and 9) radio frequency
cavity.

The number of beamlines per synchrotron differs between facilities, and the
capabilities of each beamline differs vastly. Broadly speaking however, each beamline
may be classified into 4 sections: front end, optics hutch, experimental hutch, and
control cabin. A schematic representation of a synchrotron and its constituent
sections is presented in Figure 2.10.

XRD-CT is predominantly conducted at synchrotrons, the working principle
is based on X-ray diffraction where the diffraction signal of crystalline samples is

utilised in the identification and imaging of samples. Following reconstruction of the
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images, each pixel corresponds to an equivalent location yielding a single diffraction
pattern. Highly detailed spatial maps may therefore be created of individual phases or
chemical species. This powerful technique allows for the visualisation, identification,
and separation of chemical species within complex multicomponent systems such as
batteries.[186] XRD-CT effectively provides a powder XRD measurement with high
spatial resolution. In its simplest form, data acquisition of XRD-CT is achieved via
a stepped scan approach. Samples are mounted perpendicular to a monochromatic
pencil X-ray beam and translated in step sizes similar to the diameter of the incoming
X-ray beam. As the sample is translated, scattered X-rays for every translation step
subsequently result in a diffraction pattern which is collected using an area detector.
The total length of the translational steps may be the same as the width of the
sample but are often extended slightly longer to compensate for sample movements

or misalignment. The number of steps may be defined as:

L
N=3 (2.9)

Where S is a translational step and L translational length. Following translation,
the sample is rotated angularly, and the translation scan is repeated. The typical
range of rotation for the sample ranges from 0 to 2w, effectively completing a full
order of rotation. A schematic of the setup is displayed in Figure 2.11. Whilst
being the simplest method, the stepped scan approach is slow and time consuming.
Optimisation of the sample movement in order decrease overall acquisition time
of the XRD-CT scan is therefore required. One such optimised movement is the
use of a zigzag scan: here an optimisation in data acquisition time is achieved by
reducing dead time resulting from resetting the starting position of the traverse scan
for the new angle. Compared to the step scan, the zigzag scan’s starting position will
alternate 0 and 27 for every step, as supposed to returning to 0 following every scan.
Whilst significantly improving the data acquisition time, the zigzag scan requires

additional post processing of the collected data prior to tomographic reconstruction.

The raw collected data from a tomographic scan results in a 4D matrix where the
collected diffraction data is the size of the 2D diffraction image (X -Y") multiplied by
the amount of translation steps NN, and the number of rotational steps R. Azimuthal
integration reduces the 2D diffraction image into a 1D diffraction pattern representing
the number of observations points P in the 1D pattern thereby effectively reducing
the initial 4D matrix into a 3D matrix (N - R - P). This initial projection of the
object following the tomographic scan is known as a sinogram and represents a
volume where there third dimension is in the form of extracted PXRD patterns

(often referred to as the spectral dimension).

Following data acquisition, tomographic image reconstruction is conducted using

a reconstruction algorithm. Several different algebraic iterative process approaches
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Figure 2.11: Illustrative representation of XRD-CT data collection. The incident
X-ray I, hits the sample of interest which is predominantly phase 1 but includes a
secondary phase (labelled 2). As the samples is translated across the beam, diffraction
patterns along the whole path are collected by an area detector.

exist for this task, however, one of the simplest used techniques is the back-projection
algorithm. As the name suggests, each projection is back-projected onto the object
plane, which is then rotated through the angles of collection, the subsequent results
are a sum of back-projected, initially collected projection spectra. However, this
often yields blurred images and is consequently adapted into the most used technique
known as the filtered back projection. The filtered back projection overcomes blurring
by applying a convolution filter with the help of the inverse Radon transform; named
after Johann Radon the transform computes the line integrals from multiple sources.
In this thesis a filtered back projection was used for the reconstruction of tomographic
images. Further in-depth details behind the reconstruction of tomographic images
using algorithms have been omitted from this thesis. Reconstructions of the collected
data were performed by Dr Stephen W.T Price from Finden Ltd.

The reconstruction of tomographic images is far from straightforward and may
often result in artefacts within the images, one such artefact that occurs with
prevalence in crystallite systems is known as “streaking”. Streaking is related to the
over saturation of pixels during the tomographic scan. Visibly seen as streaks across
an image, they occur when the crystallite size is similar to the size of the X-ray beam.
This is in due to the crystallites diffracting in a similar fashion to single crystals,
resulting in spots rather than smooth Debye-Scherrer rings, which consequently lead

do streaking artefacts during tomographic reconstruction.

The reconstructed data results in a 3D matrix with two spatial dimensions and a

third spectral dimension in the form of PXRD pattern. Utilising this information, it
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is possible to create phase distribution maps of multiple present crystalline phases.
In addition to this, traditional PXRD analysis such as Rietveld refinement, phase
identification, unit cell parameters, crystallite size, and strain characterisation may
be conducted. Maps of the sample may then be created corresponding to any of
these criteria yielding spatially coupled quantitative information. Data for XRD-CT
in this thesis was collected at beamline P07 (EH2) at the PETRA III synchrotron
at DESY. The collected data was analysed using the Data Analysis WorkbeNch
(DAWN) software[187], as well as scripts written in python and visualised using
Spyder IDE.[188|

2.2.4 Scanning Electron Microscopy

The ability to accelerate electrons to high energies means that electron microscopes
are able to move beyond the optical limit imposed by the wavelengths of visible light
and readily observe into the nm domain.

In order to image a specimen using an SEM an electron gun produces a stream of
electrons from a tungsten filament cathode. An anode places the electrons under a
positive charge accelerating the beam with a characteristic energy ranging from 0.2
to 40 KeV. A series of objective lenses, magnets, and apertures condense the beam to
a spot size of about 0.4 to 6 nm; magnetic deflectors direct the beam onto the sample
along the x — y axes, continuously scanning the sample surface in horizontal lines. A

schematic representation of an SEM and its elements are displayed in Figure 2.12a.
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Figure 2.12: Schematic representation (a) of an SEM and the constituent parts.
Diagram (b) of electron volume within the sample and the various resulting sample-
electron interactions which may be utilised to provide a range of different information
pertaining to the sample.
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In contrast to optical microscopes, SEM spatial resolution is not limited to the
diffraction limit of light but is instead governed by the electron spot size, which in turn
is governed by the selected wavelength energy as well as the interaction volume of the
beam. As the beam interacts with the sample, electrons are ejected and collected via
a range of detectors. Dependent on the type of ejected electron, the detectors digitally
transform the signal for optical output. The type of electron ejected is dependent on
the beam’s interaction with the sample at a range of depths, where various types
of electrons are ejected (Figure 2.12b). Inelastic and elastic scattering of electrons
produces low energy secondary electrons (SE) and high energy backscattered (BSE)
electrons respectively. Low energy SE are produced a few nm below the surface
of the sample and provide detailed topographic and morphological images. SE are
traditionally used to provide high resolution images. Conversely, due to the higher
energy nature of BSE, the electrons originate from deeper within the sample resulting
in lower resolution images. An advantage of BSE however is their scattering length
being strongly correlated with the atomic number of an atom; images produced
from BSE may therefore provide information of elemental distribution within the
sample. BSE often produce a characteristic black and white colour contrasting
images, highlighting regions of elemental variation. It may however not provide the
identity of these elements. With increased volume penetration depth of the sample,
electrons remove core electrons from atoms, and as electrons drop down to fill the
vacant hole, characteristic X-rays are produces. These characteristics wavelengths
may be assigned to individual elements, and their respective quantities measured
and mapped, in a technique known as energy dispersive X-ray spectroscopy (EDX).
Details of this technique are discussed in Chapter 2.2.5. In addition to these modes,
bespoke detectors may collect information from cathodoluminescence. Whereby light
is emitted by atoms from high energy electrons, information is collected in the form
of sample emitted light, and displayed in real colour, and/or have the wavelengths
analysed and displayed as a spectrum. In this thesis, SEM was conducted on a FEI
Inspect F50 with SE and BSE.

2.2.5 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX or EDS) allows for the analysis of the
elemental composition of solid materials. This non-destructive technique is often
employed in conjunction with SEM (discussed in Chapter 2.2.4). The principle
of EDX is based on the interaction between a generated electron beam and core
electron of an element present in the analysed sample. This interaction results in
the excitation and ejection of the electron, creating an electron hole. Subsequently,
an electron from a higher energy orbital drops down to fill the hole, releasing the

excess energy as an X-ray. The released X-rays are detected by energy sensitive
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detectors. As each element holds a unique atomic structure, the emitted X-rays have
specific frequencies related to their atomic number. The governing principle is that
the atomic number and subsequent peak positions may be predicted by Moseley’s law
(Equation 2.10), which states that the square root of the frequency of the emitted

X-ray is approximately proportional to the atomic number:

VU = A(Z —b) (2.10)

Where v is the frequency of the observed X-ray emission line, A and b are constants
dependent on experimental set up and Z is the atomic number of the element. The
collated data allows for the elemental composition of a specimen to be measured via
elemental mapping, which is useful in highlighting segregated or elementally mixed
areas of samples. Furthermore, spot imaging allows for information to be gathered
from a localised area within the field of view, providing precise and targeted data
acquisition on regions or features of interest. Analysis conducted from resultant EDX
spectrums may provide elemental quantities in either atomic or weight percentages.
Drawbacks however exist, a lack of sensitivity means that if elemental concentrations
are too low (<0.1 wt%), the released X-ray energy of the element may be insufficient
to accurately measure the elemental proportion. Furthermore, limitations in detection
for lighter elements (Z < 4) makes the detection of elements such as hydrogen and
helium unfeasible. In particular, lithium results in a very low photon energy level
making detection complex, a major drawback for the characterisation of lithium ion
battery materials. Within this work, elemental mapping and spot EDX were both
performed using an Oxford Instruments X-Max 80mm? SDD detector equipped to
an FEI Inspect F50 and analysed using Oxford Instruments AZtec program.

2.2.6 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique based on the
photoelectric effect. It allows for the identification of surface elemental composition
of the measured sample as well as the electronic state and chemical structure. The
technique is a surface sensitive technique meaning effective depth of analysis is
limited to <10 nm, sampling depths however may be increased with the use of
ion beam milling, this removes small layers of sample to increase the depth of
measurements or remove surface contaminants. The photoelectric effect is the name
attached to photoemission of electrons in response to illumination with radiation
where the photon energy exceeds the work function of the material. The emitted
electrons are formally known as photoelectrons. In XPS, an incident light beam
with a characteristic photon energy irradiates a material which emits electrons at a

measurable kinetic energy. The photon energy may be characterised by the equation:
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E,=hf (2.11)

Where h is Planck’s constant, f is the wave frequency. The measured kinetic

energy of the emitted electron may be characterised by the equation:

1
Ey, = imUQ (2.12)
Where m is the mass and v the velocity. With both the photoelectron energy and
the electrons kinetic energy known, the electron binding energy may be calculated

using the photoelectric effect equation:

The work function ¢ in the equation is a constant related to instrumental
correction of the spectrometer. Spectroscopic measurements are conventionally
taken on solids due to ultra-high vacuums (< 107% Pa) required for accurate data
collection. Of primary interest is the binding energy, as it may help determine
important factors such as chemical composition and oxidation state. The XPS
detector subsequently measures the number of electrons detected at a specific binding
energy, which is processed and displayed in an XPS spectrum plot. The displayed
characteristic peaks directly correspond the electron configuration of the electrons
within the atoms. The amount of element within the XPS sampling volume is
directly related to the detected number of electrons in each peak and may determine
quantitative compositions of an element within the sample. Additionally, XPS may
provide information on the local bonding environment of an atomic species which is
affected by the oxidation state, thereby providing valuable information on atomic

oxidation states within the analysed sample.

/’/Sample surface
I 4

Figure 2.13: Diagram of X-ray photoelectron spectroscopy (XPS) illustrating the
basic mechanism of X-rays hitting the surface of a sample. The X-rays subsequently
interact with core level electrons which are emitted due to energy absorption from
incident photoelectrons.
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2.2.7 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a potent non-destructive technique that can
provide information on the electronic structure and local coordination environment
of atoms. The working principle relies on the interaction between core electrons and
incident X-rays. When the incoming radiation is equal or above the binding energy
(0.1 - 100 keV) of a core electron, the electron is ejected to an unoccupied higher
energy orbital or the continuum. As the incident X-ray energy is scanned across the
binding energy of a core electron, a sudden increase in absorption is evident, marking
the point known as the absorption edge. The relationship between incident X-ray

and the absorption coefficient may be characterised by the Beer-Lambert law:

I, = Ipe "B (2.14)

Which if rearranged allows for the X-ray absorption coefficient to be found:

WE) = @ (2.15)

x

Where [, is the intensity transmitted through the material, 7, the initial X-ray
intensity, u(E) the X-ray absorption coefficient and z the sample thickness. The
absorption edge is a reference to the characteristic increase in X-ray absorption
observed at specific energy of the measured element. Due to each electron shell
holding a unique binding energy, each edge occurs at different energies, which increase
with increasing atomic number. The uniqueness of each edge consequently allows
for the identification and characterisation of individual elements within the sample
of interest. The nomenclature for characterising the absorption edges refers to the

principal quantum number of the excited electron and are listed in Table 2.2:

Table 2.2: XAS edges with responding orbital notation.

Edge Orbital
K 1s
L 2s, 2p
M 3s, 3p, 3d
N 4s, 4p, 4d, 4f

Furthermore, splitting of edges may occur as a result of differing electrons at
similar core levels. In order to distinguish between these different edges a system of
roman numerals is employed in order of decreasing energy.(i.e. Ly (2s), Lir (2p1/2),
Lir (2p2/3). The incident X-ray energy is increased from below the edge energy of the
element of interest to above it, thereby resulting in the characteristic XAS spectra
displayed in Figure 2.15. As target electrons are typically excited from the 1s or 2p

orbitals, the use of high energy X-rays is required. As a result, measurements are
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often conducted at synchrotrons radiation facilities. The access to hard X-rays from
synchrotron radiation sources allows for deeper penetration depths, thereby providing
quantification of elements within a sample devoid of any compositional change that
may occur at the surface. During XAS measurements, elemental information may be

obtained in two different ways: Transmission and Fluorescence (Figure 2.14).

Fluorescence
Detector

g

Transmission
Detector

Monochromator

Synchrotron
source

Figure 2.14: Experimental setup of an XAS experiment, incident radiation I from a
synchrotron source is passed through a monochromator before hitting the sample.
Detectors are subsequently able to measure resultant X-ray fluorescence I; and
transmitted X-ray intensity I

Transmission is the most commonly used configuration and is most suited to
homogenous samples with a high concentration of the element of interest. In
scenarios where the sample is either too thick or the measured elemental levels too
low, fluorescence may be employed. In the case of fluorescence, information is gained
from emitted photons following excited electrons returning to a lower energy state.

In such a case the X-ray absorption coefficient may be characterised by:

u(E) < — (2.16)

The plotted XAS spectra may be broken into three distinct regimes, X-ray
absorption near edge structure (XANES), Extended X-ray Absorption Fine Structures
(EXAFS) and the Pre-Edge. An example of a Mn edge is displayed in Figure 2.15.
All regions of the spectra may provide value material information.

EXAFS is representative of the oscillation of the absorption coefficient from ca.
100 - 1000 eV after the absorption edge. An oscillating signal is detected as a result
from interactions of backscattered photoelectrons emitted from the target atom. The

region provides information about an atom’s local environment and can provide
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details such as coordination number, disorder to neighbouring atoms and distance of
neighbouring atoms; the technique is highly sensitive and effective in the analysis of

non-crystalline materials.

Extended X-ray Absorption Fine Structure (EXAFS)
X-ray
Absorption
Near Edge
; Structure
© (XANES)
@
=
’ Pre-Edge
' T T T T T T T T T T T T
6400 6500 6600 6700 6800 6900 7000 7100

Energy (eV)

Figure 2.15: Schematic example of a XAS spectrum highlighting the three regions of
interest: Pre-edge, XANES and EXAFS.

XANES, which has been used in this thesis, is generally described as the region 50
eV either side of the absorption edge. The location of the absorption edge is directly
related to the element of interests’ electron configuration and may therefore provide
valuable information on the oxidation state and electronic structure. This is due to the
electron binding energy; higher oxidation states require more energetic X-rays for core
electron excitation. This arises due to the nucleus being less shielded and carrying a
higher effective charge, consequently the absorption edge is shifted to higher energies.
With the use of “standards” of known elemental oxidation states it is possible to
qualitatively compare the edge positions of the standards vs the specimen in question.
Although only providing an estimation of the oxidation state, this technique allows
for quick analysis and is extremely useful for samples with mixed valence, as the
absorption edge will be located somewhere between the measured “standards”. A
more elucidating analysis may be conducted using linear combination fitting, where
the quantity of each differing valency is characterised via a modelled fit. A further

aspect of the XANES region is the pre-edge feature. Occurring prior to the absorption
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edge, the pre-edge is characteristic of the excitations of less energetic orbitals, such
as 1s to 3d, and are observed for every first row transition metal if the 3d orbital is
not fully occupied. Although forbidden by dipole selection rules, the transition may
become evident due to 3d to 4p orbital mixing or in non-centrosymmetric geometries.
XAS data for this thesis was collected at the Helmholtz-Zentrum (HZB) light source
BESSY II on the KMC-3 beamline. XANES data from collected measurements was

analysed using the Demeter software package.[189]

2.2.8 Particle Size Analysis

To acquire the particle sizes distribution of powder samples prior to further processing,
laser diffraction analysis (LDA) was employed. LDA is a convenient and fast
measurement technique that allows for rapid quantification of particle sizes for
selected powder samples. Powders are either pumped via air stream towards detectors
or dispersed in a liquid, liquid dispersion however requires samples to be insoluble
and to withstand agglomeration.

The theory underlining modern LDA equipment is the Fraunhofer diffraction or
Mie scattering theory which correlate the measurement of angular variation as well
as intensity of light scattered as a laser beam passes through a particulate dispersion.
Particle sizes are consequently reported by measurements of laser intensity and
incident radiation scattering angles as light passes through the sample dispersion.
Scattering is highly dependent on particle size, large particles relative to the laser
beam scatter light at high intensity with a small angle, whereas smaller particles

result in lower intensity with a larger angle.
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Figure 2.16: Illustrative representation of Faunhofer (left) and Mie diffraction theory
(right). Fraunhofer (left) does not account for phenomena such as absorption,
refraction or reflection and works on the principle of diffraction. The theory is best
suited to larger particle sizes. Mie theory (right) takes particle scattering phenomena
into account, particle size analysis is possible to 10 nm, the materials refractive index
is however required.
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Whilst modern equipment utilises both theories, both the Fraunhofer and Mie
theory hold advantages and disadvantages in the detection of particle sizes. The
Fraunhofer theory only considers the particle outline, providing the advantage of no

required knowledge of the sample refractive index, limitations in the theory however
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render the technique only valid for incident angles less than 30° as well as a particle
size requirement of greater than 10 times the incident wavelength.[190] The theory
results in large errors for particles smaller than 20 pm.

In contrast, the Mie theory measures the scattering of electromagnetic waves
not only considering the diffraction at particles contours but also the refraction,
reflection, and absorption of light. The theory is more capable of providing accurate
measurements for finer particles, the limitation of the technique however is that
it requires knowledge of the refractive index of the material. The theory however
allows for the detection limits of around 10 nm. As the light energy being measured
is proportional to the volume of the particles, the results from the analysis are
inherently volume-weighted, meaning that the particle size distribution represents
the volume of particulates in different size classes. Due to the proportionality an
assumption is made that particles are of an equivalent spherical diameter; particle

shape is therefore not possible to be determined using this technique.

Figure 2.17: Gaussian distribution with the three axis values for quantification of
particle size.

Common graphical representation of LDA is the volume-weighted particle size
distribution shown as density distribution. Results are quantified and presented

numerically using standardised notations:

e D5y — Median Volume-weighted diameter, separating the upper 50 % from the
lower 50 % of the data.

e D,y — Volume-weighted diameter of the size below 10 %
e Dy, - Volume-weighted diameter of the size below 90 %

e ([Dgy — D1g|/Ds0) — The Span, measure of the width of the volume-based size

distribution.
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Particle size distribution of materials for this thesis were analysed using a Mas-

tersizer 3000 from Malvern Panalytical via wet dispersion in isopropanol.

2.2.9 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) involves measuring the mass of a substance
as a function of temperature over time. The technique may provide information
about phase transitions, absorption, adsorption and desorption behaviour of analysed
materials. Analysis is predominantly conducted in Ny and Ar, but may also utilise a
range of other atmospheres including, vacuum, air or CO,. For operation the sample
is placed into a heating pan and heated at a constant temperature rate while the mass
and temperature are continuously measured; as such a dynamic record of change in
mass vs temperature is recorded. Under variably heating gaseous decomposition of
materials may occur at different times and such are recorded accurately via TGA; for
thermal analysis such as solid to solid decomposition techniques such as differential
scanning calorimetry (DSC) are required. In this thesis a TGA was conducted on a

Perkin Elmer Pyris 1.

2.2.10 Archimedes Density

The density of solid electrolytes, in particular ceramics and have been shown to
impact ionic conduction mechanism.[191] It is therefore important to quantify the
ceramic sintered density in order to ensure comparable densities during experimental
setups. Subsequently, density may be excluded as a variable during electrochemical
analysis of solid electrolytes. The simplest way to determine an object’s density is

by the equation:

P=v (2.17)

Where p is the density of the sample, m the mass and V the volume. Volume
calculations of a sample with an irregular shape, however, are often difficult and
may be challenging. Archimedes’ principle provides a more accurate technique to
determine the density of an irregularly shaped object. The principle works on the
basis that the upward buoyant force exerted on a body immersed in liquid is equal
to the weight of the liquid that has been displaced.

Fy=psVyg (2.18)

Where F'y, is the buoyancy force, py is the density of the fluid, V' is the volume
of the sample and ¢ is the gravitational constant. To determine the density, the

principle is then used by weighing the sample in air W, followed by weighing the
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sample fully immersed in the liquid W;, the difference is equal to the buoyancy force
F b-

Fy=W,—W, (2.19)

The volume of the object may be found by rearranging 2.18 to make V the
subject and combining 2.19:
yo W Wi (2.20)
Pr9
As the weight of the object in air W, is the product of m and g we may rearrange
2.20 to find the density of the object:

Wa - VV’L

The derived sample density is subsequently divided by the theoretical crystallo-

p (2.21)

graphic density, to obtain the relative density of the pellet. In this work samples
were measured in isopropanol using the Archimedes principle with a Mettler Toledo
MS-43 balance.

[ ()
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(a) Sample measurement (b) Sample measurement
conducted in air conducted in liquid

Figure 2.18: Schematic representation of Archimedes’ principle used with a specialised
balance to measure the density of a sample.

2.3 Electrochemical Analysis

Electrochemical analysis is the collection of techniques that use electrical stimulation
to analyse the chemical reactivity of a system. Vital information related to kinetics,
concentration, diffusion, mechanism of reaction may be gathered by the controlled

measurements of oxidation and reduction (redox) mechanisms, using an analytical

71



CHAPTER 2. EXPERIMENTAL METHODS

instrument known as a potentiostat. The primary function of a potentiostat is to
control and measure the potential difference between two electrodes. Measurements
are generally conducted on a three electrode cells which consists of: the working
electrode (WE), which is oxidised and the material under interest, the counter
electrode (CE), which is often inert (e.g. Au or Pt) that allows for complementary
reaction to provide charge balance, and a reference electrode (RE) which is used
to control the potential close to the WE surface. In the case of solid electrolyte
measurements, the nomenclature of electrodes may be further expanded. Applied
electrodes to the surface of the material of interest may generally fall into three types:
ion-blocking, electron-blocking and reversible (non-blocking). Ion-blocking electrodes
do not provide or accept ions of the material tested, which in the case of this thesis
is lithium but may be any number of ions. They do however allow for the passage of
electrons, examples of ion-blocking electrodes include gold, stainless steel (SS), and
platinum. Electron-blocking as the name suggests, prevent the passage of electrons,
and may sometimes be used to isolate the ionic component of charge transport in
mixed ionic-electronic conductors (MIECs) such as in cathode or anode materials.
In the case of the final electrode, the reversible electrode, both ionic and electronic
transport are facilitated. In the case of this thesis lithium metal is used as a reversible
electrode, however, other materials such as lithium alloys or intercalating electrodes
may be used. The reversible electrode should be carefully selected depending on
the requirements of the study. Blocking or non-blocking electrodes may be assigned
to either CE or WE electrode roles depending on the electrochemical analysis in

question.
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Figure 2.19: Image of a full assembled (left) Swagelok cell with exploded view (right).
Individual parts of the Swagelok cell are labelled in the diagram.
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Electrochemical measurements on solid electrolytes are generally conducted with
the use of a specialised cell known as a Swagelok. Pictured in Figure 2.19, the
SS cell is made up of central chamber insulated by Mylar which houses the pellet
and SS current collectors. Plungers, ringed with sealing Teflon ferrules are inserted
into the chamber on either side along with a spring, which maintains a constant
pressure. Caps are placed on either side and tightened completing the cell assembly.
Holes within the plunger allow cell to be connected to the potentiostat. In this
thesis, analysis was carried out on a range of potentiostats. Specific models and
parameters are defined in the experimental section of each chapter. Lithium attached
electrochemical testing as well as DC polarisation was conducted with the use of a

Swagelok Cell, seen in Figure 2.19.

2.3.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) allows for the characterisation and
quantification of important electrochemical properties that are inherently related
to bulk, grain boundaries or the sample surface of solid state materials, these may
include total ionic conductivities or resistances at these domains. The versatile
technique allows for the study of various electrochemical reactions over an assortment
of materials and their applications including, but not exclusively, fuel cells, batteries,
supercapacitors, and ferroelectrics.

The technique is based on the perturbation of an electrical system in equilibrium
or steady state via the application of a sinusoidal voltage signal E(t) over a range of
frequencies whilst monitoring the sinusoidal response. Important to note, is that the
measured oscillating current response I(t) holds the same frequency response as the
input voltage but may differ in phase and amplitude (Figure 2.20).

Measurements are conducted across a scanned frequency of typically between 102
to 107 Hz. The wide frequency range allows for the characterisation assignment of
different regions within ceramic specimens, which is especially useful in characterising
electrical contributions from secondary phases or reactions and mechanisms at
sample/electrode interfaces.|[192]

The impedance Z(t), which is the quotient of the voltage E(t) and current
response [ (t) directly relates to Ohms’ law and may therefore be defined by Equation
2.22.

E(t
Z(t) = % (2.22)
However, due to the sinusoidal nature of the applied voltage F(t), angular

frequency must be considered, therefore redefining voltage as:
E(t) = |AE|sin(wt) (2.23)
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Figure 2.20: Schematic representation of the relationship between applied voltage
E(t) and output current I(t) in a steady state condition. The subsequent ratio of
both sinusoidal responses results in the impedance of the system.

Where |AE] is the amplitude to the applied voltage, ¢ the time and w the angular
frequency. The corresponding measured current similarly follows a sinusoidal form

and is therefore defined as:

I(t) = |Al|sin(wt + ¢) (2.24)

Where |AI| is the amplitude of the measured current and ¢ the phase shift from
the applied voltage. The angular frequency may be defined as w = 27 f, where f is the
frequency in Hz; alternating the frequency at different time scales allows for a range
electrochemical processes to be observed. At high frequencies, fast system responses
such as short range ion migration become evident, whereas at low frequencies,
responses are indicative of slower processes such as macroscopic scale diffusion. As
both voltage (Equation 2.23) and current (Equation 2.24) contain important phase
and magnitude information the newly defined terms may be substituted into Equation

2.22 and expressed as:

7 |AE|sin(wt)

—AIlsin(wt + ¢) (2.25)

With the use of Euler’s relationship (e’ = cos(z) + jsin(x) , where j = /—1) it

is possible to express the impedance as a complex function:

|AE|ei+t i .
Z = T fairs = 1Z1e7 =12|(cosé = jsing) (2.26)
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This in turn is conventionally expressed as:

Z =27 —jz" (2.27)

Where Z’ and Z” represent the in-phase and out-of-phase parts of impedance
known as the real and imaginary components respectively. Following data collection,
EIS spectra are commonly presented in two complementary data formats, the Nyquist
plot (Figure 2.21) and the Bode plot. In the Nyquist plot the -Z” is plotted against
Z’. Plotting negative Z” allows for the display of the plot to fall in the first quadrant
rather than the fourth, thereby improving readability. The Nyquist plot however
yields no frequency information and as such a Bode plot may be presented, where

log(]Z]) and phase angle ¢ are plotted against log(f).
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Figure 2.21: Schematic representation of a Nyquist plot of the real impedance vs
imaginary impedance showing the response of an electron resistant material with
partially blocking electrodes.

A typical Nyquist plot of a lithium solid state electrolyte is seen in Figure 2.21,
showing a characteristic semi-circle with a lower frequency tail at 45 degrees. The
end of the semi-circle is characteristic of the electrolyte resistance R, which is equal to
the magnitude of Z’ when the ¢ is zero. Whilst the lower frequency tail is indicative
of electrode behaviour and can often be adjusted by changing the electrode material.
Impedance spectroscopy can successfully characterise several regions within a solid
electrolyte material in this manner, by resolving different responses from interfaces,
bulk, grain boundaries and secondary phases. This is due to unique impedance
responses from each region when subjected to variable frequencies. The differing

domain responses are characterised by a resistance and a capacitance, which will
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define magnitude and origin of the response and may simply be represented by:

Z:Z’—i-Z”:R—l-,L (2.28)

JwC
Where R, the resistance, is assigned to the real part of the impedance and C, the
capacitance to the imaginary part. However, in order to extricate this information
accurately and assign quantitative information to the respective domains, equivalent

circuit fitting is required, a typical circuit is seen in Figure 2.22.

AT—F

R1 1

Figure 2.22: Typical [RC| equivalent circuit composed of resistors and capacitors for
fitting impedance spectroscopy measurements.

The objective of equivalent circuit fitting is to model the system and provide
numerical estimates of the different components to the overall impedance of the
sample. Due to the relationship between impedance, resistance and capacitance, an
equivalent circuit is composed of a combination of resistors and capacitors in parallel.

The characteristic time constant 7 of each RC element, or region is defined by:

7= RC (2.29)

Winaz RC = 1 (2.30)

The domain response from each RC element may therefore be separated by the
relationship of Equation 2.30 where the apex of the semicircle in the Nyquist plot is
equal to 1. As each RC element will hold a different time constant, variable responses
can subsequently be assigned to appropriate regions of the solid electrolyte.

Experimental variability however results in non-ideal scenarios and as such
measured systems do not reflect ideal equivalent electrical components. This is often
the case with the capacitive part of the equivalent circuit. In order to overcome these
limitations, it is often preferential to use a circuit element known as a constant phase
element (CPE). The role of the CPE is to model imperfect capacitance resulting
from imperfect conditions such as rough interfaces or variability in reaction rates.
The mathematical definition of a CPE is closely related to that of a capacitor and

may be described as:

1
ZoPE = A
Q(jw)"
Where @ is value for a CPE and n is the constant phase (-90 x n)°, which is a

number between 0 and 1, where 0 is perfect resistive behaviour and 1 is ideal capacitive

(2.31)
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behaviour. Subsequently, capacitance from the CPE may then be calculated by:

3=

(RQ)
R

The measured capacitance values for the RC elements may then be assigned to

C = (2.32)

differential domains of the ceramic specimen; Table 2.3 outlines the different domains

that may arise from measured capacitance responses.

Table 2.3: Capacitance values with their corresponding ceramic sample regions.
Adapted and reused with permission from John Wiley and Sons.[192]

Capacitance (F) Phenomenon
10712 Bulk
10~ Minor, second phase
1071t -10°8 Grain boundary
1079 - 1077 Surface layer
1077-107° Sample - electrode interface
10~ Electrochemical reactions

In addition to being able to assign a domain to a resultant impedance response,
collected resistive values allow for the calculation of inherent electrochemical proper-
ties such as ionic conductivity. The reciprocal of resistivity, it may be characterised
by:

1 L
o= p =5 (2.33)

Where o is the conductivity, p the resistivity, R the resistance, L and A the sample
thickness and area respectively. The conductivity may therefore be calculated for the
entire system from the total resistance measured or for specific individual domains
where the resistance is measured from individual RC components. Furthermore,
when coupled with variable temperature measurements, it is possible to calculate
the activation energy for ionic motion in solid electrolytes. This is achieved with the

use of the Arrhenius equation:

E
oT = opexp (_k (}) (2.34)
B

Where oy is a pre-exponential factor, kg is the Boltzmann’s constant, 7' the
temperature and F, the activation energy. The data may be plotted between In(oT")
vs 1000/T, where the logarithmic relationship yields a straight line. EIS allows for
the characterisation and quantification of important electrochemical properties of
a material system, from classification of total ionic conductivities to resistances at
interface or grain boundaries. EIS measurements for this thesis were conducted using
Swagelok cells as seen in Figure 2.19 on a Biologic VMP-300, variable temperature

EIS was conducted on a Biologic MTZ-35 using an ITS-e (enhanced intermediate
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temperature system). Further experimental details pertaining EIS are listed in the

experimental section of the corresponding chapter.

2.3.2 DC Polarisation

Direct current (DC) polarisation has been extensively used in the field of solid
electrolyte materials and has become an important measurement technique to de-
termine ion transport mechanisms. Several DC techniques for the extrication of
ionic transport mechanisms exist,[193] among these, one of the most readily used
technique for the extrication of ionic and electronic contributions in mixed systems
is Wagner’s DC polarisation method.[194]

The Wagner method is extremely useful at separating small electronic contribu-
tions in a system that is otherwise dominated by ionic transport mechanisms. For the
experimental set up, a sample is sandwiched between a blocking and non-blocking
electrode, although two blocking electrodes may similarly be used. A constant
DC potential is then applied across the sample, where the current is subsequently
recorded as a function of time and displayed in a typical current versus time plot. As
an electric potential is applied the current spikes before tending towards zero, this is
due to the ionic charge carries becoming fully polarised, in mixed ionic electronic
systems the current however tends towards a non-zero value.

In this case the final residual current is due to the moving electrons/holes in
the system and subsequently quantitative information of the extent of ionic and
electronic contributions to the total conductivity or, may be determined through
transference numbers of the ionic and electronic charger carries. Since o = 0ion + T,
the transference numbers may be calculated by:

Oion Tion (Ii - If)

lion = = = —" 2.35
oT [T Ij ( )

O-e_Ie_If
UT_IT_Ii

Where oo, 0o and tio,, te are the conductivity and current distributions due to

te = (2.36)

ion and electron respectively. Transference numbers may subsequently be calculated
from the polarisation current versus time plot with the Equations 2.35 and 2.36,
where [; is the initial current and I is the final current.

The electrical resistance is determined via Ohm’s law using the final steady state
current. The estimated electronic conductivity may then be calculated utilising
Equation 2.37, where L is the thickness of the sample, A is the area of the effective
contact with electrodes and R is the resistance.

L

Oc = ﬂ (237)
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Whilst the Wagner method is one of the most extensively used techniques to
determine electronic contributions, other DC methods exist for the evaluation of
electronic transport within a solid electrolyte.[195] In this thesis, DC polarisation
was conducted in a Swagelock cell (Figure 2.19) on a Biologic VMP-300 at 0.6 V, 0.9
V and 1.2 V between 12 and 24 hours.

2.3.3 Galvanostatic Cycling

Galvanostatic cycling with potential limitation (GCPL) is an electrochemical tech-
nique that is used to assess of battery performance. The technique measures the
voltage of an electrochemical cell under a constant applied current until a specified
voltage limit is reached. Voltage limits are often set to prevent unwanted redox
mechanisms within the system and maintain electrode stability. These limits are
often referred to as the voltage window of the electrochemical cell and may be
determined by cyclic voltammetry (CV). During GCPL the constant current is set
either to positive or negative to simulate either the charge or the discharge of the
system. Reaching the voltage limits, the current will switch thereby simulating a
full cycle of an electrochemical cell, a schematic behaviour of this may be seen in
Figure 2.23a. The set current may be modified to observe battery dynamics under
a variety of charge/discharge rates, illuminating mechanistic behaviour of batteries
under cycling conditions. The rate of current is known as the ‘C-rate’. The rate
is expressed as C/n where n indicates the number of hours taken to complete the

charge.

Current
Current

Time Time
(a) Traditional GCPL for LIBs (b) GC to measure CCD in electrolytes

Figure 2.23: Schematic representation of GCPL where (a) the applied current is
constant until a voltage limit is reached and a subsequent reverse bias is applied
until the minimum voltage limit is reached thereby completing a full cycle. (b) GC
with removed voltage limits to evaluate the performance of a solid electrolyte at
forward and reverse currents of ever increasing magnitude until failure occurs.

GCPL may be used in the investigation of solid electrolytes, to study mechanism
of dendritic growth. In a measure of ‘Critical Current Density’ (CCD), GCPL
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is conducted without potential limits in a cell with symmetric metallic electrodes
composed of the relevant species e.g., lithium or sodium metal. The cell is subjected
to constant current to initiate ionic diffusion across the solid electrolyte. The cell is
placed under a forward bias and held for a defined amount of time before a reverse
bias is applied thereby initiating stripping and plating of metal electrodes at the
interfaces of the electrolyte. The current is periodically increased following a full
cycle until a short circuit results in cell failure. The current reached at failure is
known as the CCD, a schematic representation of the current behaviour is seen in
Figure 2.23b. Galvanostatic cycling was used in this thesis to study the CCD of

synthesised samples.

2.3.4 Cyclic Voltammetry

A powerful electrochemical technique employed to investigate electron transfer re-
actions in battery materials is known as cyclic voltammetry (CV). In CV a linear
potential is applied to the sample and swept back and forth at a defined scan rate
between a defined upper and lower limit, the wave form of such an experiment is
displayed in Figure 2.24b. The subsequent current response is recorded as function
of the potential measured between the working electrode and the counter electrode,
whilst the potential is measured between the working electrode and reference elec-
trode. These measurements provide the characteristic cyclic voltammogram seen in
Figure 2.24a.

Peak positions on the voltammogram define the peak potentials for cathodic
E,. and anodic E,, processes. Similarly, figures for the current at these peaks are
provided by I, and I,,. The measurement technique displays reductive and oxidative
processes within the sample occurring at specific potentials and thereby the cyclic
and reversible nature of the electrochemical system. In addition to the elucidation of
redox mechanisms the technique allows the stable voltage window of a material to
be classified where no decomposition is observed.[196] CV in this thesis was used to
observe redox activity within solid electrolytes. Measurements were conducted in a
Swagelok cell (Figure 2.19) with lithium metal as reference electrode and sputtered

Au electrodes as a counted electrode with a scan rate of 0.05 mV s~ 1.
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Figure 2.24: Characteristic voltammogram (a) displaying a current vs voltage plot.
The E,. and E,, show peak potentials for cathodic and anodic reductions respectively.
I, and I,, show the peak cathodic and anodic currents of the redox reactions. The
potential wave form (b) during cyclic voltammatry shows the voltage being swept
forward before reaching a defined maximum limit, where it is subsequently reversed
to a defined minimum.

2.4 Computational Modelling

2.4.1 Finite Element Analysis

Finite element method (FEM) has wide-ranging applications in diverse fields such
as structural mechanics, fluid dynamics, heat transfer, electromagnetics, and more.
It enables engineers and scientists to simulate and analyses complex systems that
are otherwise difficult or impractical to solve analytically. Valuable insights may
be provided into the behaviour of materials, structures, and physical phenomena,
aiding in the design optimisation, failure prediction and understanding of real-world
mechanisms.

FEM is a numerical method allowing for the conversion of a continuous problem,
such as differential equations that represent an underlying physical behaviour, into a
simplified system of algebraic equations that can be solved computationally. The
procedure utilises discretisation, assembly and solving to provide solutions which can
be post-processed to provide a deeper understanding into the problem. An initial
geometrical representation of the problem is constructed using a combination of
points, lines, surfaces, and volumes. The material properties and governing equations,
such as Maxwell’s laws may then be assigned to subsequent regions. To ensure the
correct response, carefully considered boundary conditions are required, these may
simply be an applied voltage or applied current conservation as well as symmetry to
the surfaces. Having established a geometry, discretisation is conducted, a process
whereby the geometry is divided into smaller finite elements in a process known as

meshing. The elements may take the form of a variety of shapes including polyhedral
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such as cuboids and prisms, more commonly however, the creation of tetrahedra.
Typically, a geometry maybe discretised into millions of tetrahedral elements. The
assembly of the system is then achieved whereby a global matrix of equations are
formed by the combination of equations assigned to each element, their properties
or boundary conditions. These equations result in a full description of the entire
system and the size and computational time to solve them scales significantly with
number of elements. A balance must therefore be found between using smaller
elements, which improve the solution’s accuracy (referred to as convergence), and
the computational time and power needed to solve the model. FEM analysis in this
thesis was performed using COMSOL Multiphysics.[197|

FEM was utilised in Chapter 4 to investigate changes in electronic current flow
and density within the synthesised composite system which is presented in Chapter
3. The modelled geometry depicts an ideal microstructure consisting of a 9 x 9
array of cubes (sides = 11 pm). Within each individual cube an additional cube
was created (sides = 10 um) to represented a Lig4LazTag¢Zr; 4019 (LLZTO) 10 pm
grain bulk with a 1 gm grain boundary border. Both domains were assigned an
electronic conductivity of 107 S em™ and 107 S em™! for the bulk (central block)
and the grain boundary domain, respectively. The secondary phase, LasLiMnOg was
modelled as a small disc (r = 1 pm, h = 0.1 pum) with an electrical conductivity of
7.5 x 107 S em™!, a value which was extrapolated from Battle et al..[198]

As mentioned, to ensure the functionality of the model several boundary conditions
are required. These included electrical insulation boundary conditions which were
assigned to the outside four walls of the geometric 9 x 9 array with the two remaining
parallel surfaces being assigned as terminals. The electrical insulation boundary

condition may be characterised by

n-J=0 (2.38)

where n, is the surface normal, J the current density. The boundary condition
effectively sets the current to zero at the boundary, meaning that no electric current
flows into the boundary, thereby constraining electrodynamics within the geometry.
The geometry was then assigned a ’current conservation’ which adds continuity
equations based on Maxwell’s equations for the electrical potential. The equations
used are defined below.

An initial potential of 1 V was applied to the terminals, which using Equation
2.39 allowed for the electric field to be calculated. The equation describing the
electric field

E=-VV (2.39)

where F is the electric field and V' is the voltage. The current for the system
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may then be obtained by using

J=0E+J, (2.40)

where J is the current density, o is the electrical conductivity, £ the electric field
and J, the external applied current density. The final equation used in the current

conservation node is

V-J=Qj. (2.41)

where @);, is the volumetric source of current from boundaries inside the selected
layers (i.e between bulk and grain boundary). A Physics-controlled mesh of normal
size was applied to the whole geometry before two stationary studies were conducted
to solve for steady-state conditions where all loads and constraints were kept constant.
The data of the two studies were combined, in order to extricate any increase in
current density. A filter of > 0.32 x 1072 A m~2 above the global current density
was applied to the data and the subsequent results subtracted from each other. This
resulted in any current above the filter being visualised in the model. A subsequent
volume integration of the filtered results revealed the sphere of influence arising from
increased current density. Further details are provided in the experimental section of
Chapter 4.
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Chapter 3

Electrochemical and Structural
Dynamics of Garnet Composite

Electrolytes

3.1 Introduction

The solid electrolyte cubic garnet phases based on doped Li;LagZrsO15 (LLZO) have
been the focus of intense research as a ceramic electrolyte for all solid-state batteries
(ASSBs). Undoped, LLZO holds a tetragonal (space group I4;/acd) phase with low
room temperature ionic conductivity of 107" and 1075 S em™1.[126, 199] However,
when appropriately doped, LLZO stabilises in a cubic (space group Ia3d) phase that
exhibits excellent electrochemical properties with a high conductivity up to 1 mS
ecm™! and a wide electrochemical stability window (0 - 6 V vs Li/Li").[103, 117,
200| Furthermore, acceptable stability to atmosphere and Li-metal, coupled with
non-flammability, have made it an excellent candidate for ASSBs.[201, 202| Cubic
LLZO solid electrolytes however still face major challenges preventing wide scale
use in lithium-ion batteries.[89, 203] Amongst the leading issues are the formation
of metallic lithium dendrites, formed by the heterogeneous deposition of lithium.
Dendrites resemble tree like structures and their formation is initiated at critical
current density (CCD) values far below the current commercialisation benchmark level
of 5 mA ecm™2.[66-68, 72] The growth and propagation of the dendrites culminate
with a connection between electrodes resulting in a cell short circuit. Despite
substantial research efforts into the mechanisms of this phenomenon, there are
differing hypotheses regarding the importance of various contributing factors.
Efforts from initial studies of the Li|LLZO interface observed void formation
during stripping in the Li-metal interface when the current density exceeded the rate
at which Li is replenished at the surface.[204] During subsequent plating the formed

voids resulted in inhomogeneous Li-metal contact leading to non-uniform, elevated,
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local current densities that initiated dendrite formation.|205, 206] This was further
corroborated by Liu et al. who demonstrated that smaller pits merged to form larger
pits which further elevated local current densities leading to dendrite formation
within interfacial pits.[207] As a result, the increased local current density at the
interface has been sought to be mitigated by increasing Li contact and minimising
void formation through a variety of interfacial engineering solutions.[208-212| An
alternative proposition however has been made that the direct electronic conductivity
of the solid electrolyte correlates with dendrite formation, reporting that lithium
dendrites nucleate and propagate directly inside of a Ta-doped LLZO as a result of
the inherent electronic conductivity of the solid electrolyte.[69] The authors stipulate
that higher electronic conductivities allow for Li™ to combine with electrons within
the solid electrolyte when the potential reaches the Li plating potential. Furthermore,
the electronic conductivity of cubic LLZO may inherently be susceptible to increases
during plating and stripping due to a direct reduction of the LLZO.[213]

Any source of enhanced electronic conductivity in the electrolyte ensemble may
therefore induce dendrite formation. Optical observations of dendrite formation
within the solid electrolyte found preferential nucleation along grain boundaries
before resulting in a short circuit, revealing an intriguing role of the grain boundary
in solid electrolytes.[73, 214| The role of grain boundaries is further elucidated with
a recent investigation reporting that the electronic structure of the LLZO grain
boundary underwent a narrowing of the band gap.[85] The resultant increase in
electronic conductivity in the interface regions readily allows the flow of electrons
along grain boundaries, thereby facilitating Li* ion reduction at the grain boundary
during cycling. This directly leads to formation of lithium filaments, which under
cycling conditions eventually connect, resulting in a short circuit. These studies
provide an intriguing insight into the importance of electronic properties at solid
electrolyte grain boundaries.

Grain boundaries may not be the only foundation of enhanced electronic conduc-
tivity that enables dendrite formation. A recent study showed that incorporating
a reducible dopant (W°") into the garnet structure resulted in a change in grain
boundary resistance with no observed change in ionic or electronic conductivity.[144]
Whilst further studies report critical current densities to have been altered by the
incorporation of Ti*™/Ti*" into garnets.[209] Additionally, unwanted diffusion of
Co from a LiCoO, cathode into Al/Ta-doped LLZO has recently been reported.|51]
Where the deposition of a Co containing secondary phase on grain boundaries was
observed to readily alter the CCD of the host garnet. These recent investigations
highlight the fact that electronic variability in solid electrolytes affects the nucleation
and propagation of lithium dendrites. Further exploration into the electrochemical
dynamics of grain boundaries, electrochemical reactions, impurities and the interplay

between electrical conductivity, microstructure and dendrite formation is therefore
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required.

The aim of this investigation was to introduce a small, controllable amount
of electronic variation to the Ta-doped LLZO garnet system, Lig4LasTaggZr; 4O10
(LLZTO). A systematic approach would allow for a controlled investigation into the
affects and contribution of electronic conductivity on dendrite growth and degradation
mechanisms. This was to be achieved by the partial substitution of Zr with Mn; whilst
unsuccessful, the unexpected formation of a secondary phase (LasLiMnOsg) along the
grain boundaries was observed. The electronic conductivity of the secondary phase
was estimated at ca. 7.5 x 107* S cm™!, a value extrapolated from Battle et al..[198|
Consequently, this secondary phase provides an increase of electronic conductivity
within the macroscopic solid electrolyte. This chapter therefore presents how small
inclusions of a secondary phase (LayLiMnOg) along the grain boundaries can affect
the Li-plating and stripping behaviour, and subsequently the CCD of the parent
compound. It is hypothesised that the secondary phase affects the electrodynamics
of the host LLZTO system and plays an active electrochemical role during stripping

and plating with a likely overall deleterious outcome.

3.2 Experimental

The partial substitution of Zr with Mn was targeted using the general formula of
'Lig4LasTagZry 4 Mn,O12” (z = 0.035, 0.05, 0.07, 0.105) and by solid state reaction.
LioCOj3 (Aldrich, 99 % min), LayO3 (Aldrich, 99 % min), TasO5 (Aldrich, 99 % min),
ZrOy (Aldrich, 99 % min) and MnO, (Aldrich, 99.9 %) were used as the reagents.
Stoichiometric amounts were calculated and weighed out; a 10 wt% excess of Li;CO3
was added to compensate for lithium depletion at high temperatures. Powders were
milled in a Retsch Mixer Mill MM500 Nano at 7 Hz for 20 hours in 4 segments with
5 min rest in between. Mixed powders were calcined at 900 °C and 950 °C for 12
hours with a ramp rate of 5 °C min—!, hand grinding followed each calcination step.

Calcined samples were sintered using Spark Plasma Sintering (SPS). Three grams
of the powdered samples were placed into the graphite crucible as seen in Figure
2.7. The assembled graphite die was then heated to 1090 °C under vacuum with a
ramp rate of 50 °C min~! and held for 10 min. Following the dwell time of 10 min,
the pressure was reduced to 5 kN for 1 min and then fully released and allowed to
cool to room temperature. The density of the samples were determined using an
Archimedes density balance in isopropanol, the relative density was then calculated
using the theoretical crystallographic density of the composites.

All powder X-ray diffraction (PXRD) was performed using a benchtop Miniflex
Rigaku diffractometer using Cu Kay s (A = 1.5406 A, Ay = 1.5444 A) source
over a 10 < 20/° < 80 range at a step speed of 5 ° min~! and step size of 0.02°.
Rietveld refinements were conducted using GSAS II.[183] Rietveld refinement fits were
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calculated using CIF files from the Inorganic Crystal Structure Database (ICSD) for
LLZTO (ICSD 894) garnet phase, LazLiMnO; (ICSD 99405) and LasLiMnOg (ICSD
94927). A 9th order shifted-Chebyschev function was used to fit the background and
a pseudo-Voigt function to fit the diffraction peaks. VESTA 3 was used for structure
visualisation.|215] SEM and EDX data were collected on a FEI Inspect F50 high
resolution microscope equipped with an Oxford Instruments X-Max 80 mm? SDD
detector at 10 kV with a working distance of ca. 10 mm and spot size of 3-4 nm.
Samples were coated in a layer of Au using an Agar Automatic Sputter Coater.

Electrochemical properties were investigated via EIS, DC polarisation, galvano-
static cycling and cyclic voltammetry. All measurements were performed on cells
assembled under an argon atmosphere. For EIS and DC polarisation Li* blocking,
gold electrodes were applied using an Agar automatic sputter coater. To ascertain
ionic conductivities and activation energies of the pellets, EIS measurements were
performed on a Biologic MTZ-35 with an Intermediate Temperature System (ITS)
that provided a controlled temperature environment. These measurements were
conducted at frequencies between 1 Hz and 1 MHz with a 100 mV perturbation
in stepped 20 °C temperature intervals for 0 °C to 120 °C. DC polarisation, Li at-
tached EIS and galvanostatic cycling were performed in Swagelok cells on a Biologic
VMP-300 at 25 °C.

Prior to Li attached galvanostatic and EIS cycling, pellets were polished using
1500 grit SiC sandpaper, Li-metal was attached to pellets with a stamp pressure
of 100 kg and assembled in a Li|Li symmetric cell, measurements were performed
under no stack pressure with an initial 30 min rest period. Cyclic voltammetry
was performed using a Biologic VMP-300 with a potential sweep from 0 to 5 V (vs.
Li/Lit) with a sweep rate of 100 uV s™!. Au electrode and Li-metal were attached
to the pellet as working and counter electrode respectively.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a
Kratos Supra instrument with a monochromated aluminium source with an area of
analysis 700 pum by 300 pm, with one area per sample analysed. High-resolution Mn
2p and C 1s XPS scans were collected at 20 eV pass energy and 0.1 eV intervals
over an appropriate energy range with a 300 sec sweep collection time. Mn 2p
was collected as multiples of two sweeps of 300 sec which were later summed to
increase the signal to noise ratio. Sputtering of the surface was carried out using
an argon cluster source, an Aryggo" cluster at 10 keV was used over an area 3 mm
by 3 mm. The data were calibrated using a transmission function characteristic of
the instrument to make the values instrument independent. The data can then be
quantified using theoretical Schofield relative sensitivity factors.|216]

X-ray absorption spectroscopy (XAS) measurements were conducted on the
KMC-3 beamline at the Helmholtz-Zentrum Berlin (HZB) light source BESSY II.

Mn K-edge data were collected under fluorescence mode with a spot size of 350
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pm x 350 um, samples were sealed within Kapton tape in order to prevent exposure
to atmosphere during measurements. Four consecutive scans of ca. 8 min were
conducted over a photon energy range of 6423 eV to 7088 eV. Standards of Mn,O3 and
MnO, were measured for the use in XANES analysis. Measurements were normalised
by control of the value of the pre-edge range and normalisation range parameters.
The two regions represent data before before and after the edge respectively. The
pre-edge region is linearly regressed whilst the normalisation range is regressed to
the data by use of a quadratic polynomial. The subsequent normalised data was

analysed using the Demeter software package.[189|

3.3 Results and Discussion

3.3.1 Structure and Morphological Characterisation

The initial synthesis of garnet samples were conducted under the assumption that
manganese would be readily incorporated into the garnet unit cell as predicted
by simulation,[129] thereby altering the electronic conductivity of Ta-doped LLZO
(Lig.4LagTaggZr1 4O12 from here on referred to as LLZTO). Isovalent substitution
of Zr** with Mn** was targeted due to the identical charge of the cation as well
as the unpaired 3d electrons of Mn** (|Ar| 3d%), which due to octahedral ligand
field splitting occupy the to g3 orbitals giving a spherical ion and avoiding the Jahn-
Teller activity associated with Mn®*. A consequence of ligand field splitting is the
possibility for electronic transitions between the d orbitals; the partially filled d shell
allowing for long range electron transport via a hopping mechanism between the
Mn centres. The subsequent substitution would therefore in theory enable mixed
ionic-electronic conduction in the compound. The resultant substitution may be
represented by 'Lig 4LagTag¢Zr1.4—.Mn,O15” (z = 0.035, 0.05, 0.07, 0.105) and from
here on referred to as Mn-LLZTO.!

Following multiple synthetic approaches, the manganese containing samples did
not deliver a manganese containing single-phase garnet. As shown in Figure 3.1 the
diffraction patterns provided an initially good match to the garnet, but patterns
collected from manganese containing samples indicated a subset of peaks that could
not be indexed using the garnet structure. The majority of the peaks could however be
satisfactorily indexed with the familiar body centred cubic cell (Ia3d, a = 12.9372(3)
A) of LLZO related garnets, all of the peaks from the z = 0 (Lig4LagTageZr14012)
sample, which was synthesised for reference, were successfully indexed.

Searching against the Cambridge Structural Database and the ICSD revealed that

the additional, weak diffraction peaks provided an excellent match to Ruddlesden-

IThe synthesised composite series is represented by this formula, it is however important to note
that this structure was not achieved and the formula is used for ease of comprehension.
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Figure 3.1: Figure of (a) Powder X-ray diffraction patterns of solid state synthesised
L16,4La3Ta0,6Zr1,4012 (black) and ’Li6.4La3Ta0,6Zr1,4_IMnxOlg’ (£E = 0035, 005,
0.07, 0.105) after 950 °C calcination. The identified Ruddlesden Popper secondary
phase LazLiMnO- is labelled *. (b) Unit cell diagram of Ruddlesden Popper n
= 2, LagLiMnOy5. Lithium is blue, manganese white, and both are octahedrally
coordinated, lanthanum is yellow and oxygen red.

Popper phase LazgLiMnO;. The n = 2 Ruddlesden-Popper (RP2) phase were first
synthesised in 1958 by S. N. Ruddlesden and P. Popper.|217] The RP structures are
described with the general formula A, 1B, 03,41 (n = 1, 2, 3) and consist of double
layers of the perovskite slabs separated by rock salt layers of LaO. The observed
secondary phase LazLiMnO; holds an RP n = 2 configuration with the unusual
aspect of two-dimensionally ordered distribution of Li and Mn in the octahedra sites

as shown in Figure 3.1b.

Rietveld analysis of the diffraction data used a multiphase refinement of the
cubic garnet and the tetragonal RP phases. The atomic coordinates of both the
garnet and the LazLiMnO; phase were fixed at literature values whilst the lattice
parameters were refined freely. The plotted lattice parameter of the garnet phase,
seen in Figure 3.2, displayed a slight increase following an initial decrease. This is
contrary to the predicted lattice parameters, which according to Vegard’s law should
display a linear decrease, due to differing ionic radii of substituted elements (Mn**
— 0.54 A, Zr*t = 0.72 A) .[218, 219| Furthermore, refinement subsequently enabled
the quantification of the amount of secondary phase which increased linearly with
manganese inclusion, holding a R? value of 0.98 strongly indicating correlation. The
negligible increase in lattice parameters coupled with increasing amount of secondary
phase therefore strongly indicate no cation substitution within the LLZTO lattice.
Figure 3.3a displays the diffraction pattern and Rietveld refinement of sample z =
0.105; this sample displays the highest amount (3.8 wt fr.% (0.117(2) mol)) of RP2
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secondary phase (LagLiMnO7) within this substitution series as shown in Figure
3.1. Full refinement results for all samples are presented the appendix in Tables A.1.
SPS was used to form pellets for further electrochemical testing. The density of

these pellets was consistently in excess of 98 % as determined using an Archimedes

balance.
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Figure 3.2: Lattice parameter results for calcined samples obtained from Rietveld
refinement analysis (blue star). Garnet lattice parameters do not follow linear
substitution as expected by Vegard’s law, thereby indicating that an inclusion of
manganese is unlikely. Further supportive evidence is seen in the linear increase of
the fraction of secondary phase LazLiMnO; (green diamond). The error bars of the
measured lattice parameters are masked by the symbol due to them being too small.

SPS treatment could cause reaction or decomposition of the sample, and this
was investigated by collecting diffraction data from the sintered samples. Figure
3.4 shows these data displaying the characteristic peaks of the garnet phase and
weak diffraction peaks of the secondary phase. Upon further analysis however, it was
revealed that the RP2 phase underwent a phase transition to RP1 with a general
structure of LayLiMnOg, thereby undergoing a reduction from Mn** to Mn3*. A

potential reaction step during SPS is proposed as:

4 1 2
5LCL3L1MTLO7 — La4LiMnOg + §LZMTLOQ + 502 (31)

Here, the existing LazLiMnO7; undergoes a phase transition to La,LiMnOg along

with the formation of LiMnO,. Negligible concentration levels of LiMnO, would
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Figure 3.3: Figure displaying (a) Rietveld refinement of powder X-ray diffraction
of "Lig4LazTageZry 4 Mn,O15" (z = 0.105) after 950 °C calcination prior to SPS.
Bragg reflections of cubic LLZTO and RP2 LazLiMnO; phases are shown below.
The fit is in good agreement with the collected data having an R,, = 7.1 % and
x? = 11.56. A dashed box displays an enlarged region from 30° to 35° (b), showing
significant Bragg peaks from RP2 LazLiMnOs.
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Figure 3.4: (a) Powder X-ray diffraction pattern of reference and composite sam-
ples following Spark Plasma Sintering (SPS). Lig4LasTag¢Zr; 4012 (black) and
'Lig4LazTageZr; 4 -Mn, 015" (z = 0.035, 0.05, 0.07, 0.105) after SPS, the iden-
tified RP1 secondary phase La,LiMnOg is labelled *. (b) Unit cell diagram of
Ruddlesden Popper n = (1) LasLiMnOg. Lithium is blue, manganese white, and
both are octahedrally coordinated, lanthanum is yellow and oxygen red.

however make detection via PXRD improbable. The formation of LasLiMnOg has
however been previously reported where similar studies attempting LLZO doping
with Ni and Co metal cations led to the formation of the RP1 secondary phase in
the structure of La,LiM Og (M = Ni, Co).|220, 221] Whilst a more recent investiga-
tion highlights the formation of La,LLiCoOg within a doped LLZO solid electrolyte
garnet as a result of Co diffusion from a LiCoOs (LCO) cathode. In the study
the authors highlight the potential of further phase formation of LCO within the
garnet electrolyte.|51] The formation of LiMnO, (LMO) during the SPS step as
highlighted in Equation 3.1 may therefore be possible; it is however extremely difficult
to collect supporting data on the formation of LMO. Any XRD signal from LMO
would be masked by heavier scattering elements from the LLZTO garnet and RP
secondary phase. This couple with only a third of LMO for every RP secondary
phase would result in the complete suppression of any XRD signals arising from any

LMO inclusions.

LasLiMnOg with a single perovskite layer containing a statistical distribution of
lithium and manganese. This structure with 74/mmm space group symmetry, was
observed in all manganese containing samples and is represented in Figure 3.4. In
order to quantify the weight fraction of this secondary phase, Rietveld analyses were
performed using the structural model by Burley et al..[222] Analysis of the collected
data is seen in Table A.2, which similarly displays a linear increase in weight fraction

percentage of 0.7 %, 1.2 %, 1.8 % and 2.8 % for x = 0.035, 0.05, 0.07 and 0.105
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Figure 3.5: Figure displaying (a) Rietveld refinement of powder X-ray diffraction
of 'Lig4LagTageZr14—Mn, O (z = 0.105) after SPS. Bragg reflections of cubic
LLZTO and RP1, LayLiMnOg phases are shown below. The fit is in good agreement
with the collected data having an R,, = 11.61 % and x* = 3.68. A dashed box
displays an enlarged region from 30° to 35° (b), showing significant Bragg peaks from
RP1 La4LiMnOS.
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respectively; indicating that manganese remained unincorporated following sintering.
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Figure 3.6: SEM images and EDX spot analysis of "Lig4LasgTageZry 4 -Mn, 015" (a)
z = 0.035 (b) z = 0.07 (¢) z = 0.105. Pellets were broken in half for a representative
cross section; the subsequent fracture surface appears to be transgranular in nature
with minimal visible grain boundaries present. EDX spot analysis on visible grain
boundaries as well as non-grain boundary regions are highlighted by red circles.
Results revealed elevated levels of manganese at the grain boundaries with little to
none on particles surfaces, suggesting negligible incorporation of manganese into the
grains. EDX results related to locations 1-12 are tabulated in Table 3.1.

The location of the RP1 secondary phase was ascertained via SEM and EDX spot
analysis. The sintered pellets were fractured in half in order to image a representative
cross section. Figure 3.6 shows that all samples fractured in a transgranular nature
with a highly dense microstructure and few visible grain boundaries. This highly
dense microstructure is a likely consequence from the nature of SPS where an elevated
pressure allows for high particle compaction, whilst the relatively short sintering
times minimise grain growth only allowing for particle fusion. This appearance of
high density is in good agreement with the > 98 % measured density of the samples.

Further analyses reveal variations in the contrast from the backscatter detector
indicative of the presence of the secondary phase at the grain boundaries. Here

the darker regions relate to areas of lower electron density and whereas lighter
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regions reflect high electron density arising from elements with higher atomic number.
Results from EDX spot analysis are listed in Table 3.1 and reveal the analysed grain
boundary regions holding a large atomic percentage of manganese corresponding to
the secondary RP1 phase La,LiMnOg, whereas grain surface regions displayed little
to no manganese. Coupled with PXRD in Figure 3.4 the EDX analysis confirms a
composite of the predominant LLZTO garnet with the grain boundary located RP1
phase, La,LiMnOg.

Table 3.1: List of elemental composition in atomic percentage taken from EDX spot
analysis of garnet composites, numbers listed relate to numbers displayed in Figure
3.6. Bold red numbers indicate elevated levels of Mn. Due to EDX being unable
to detect lithium elemental weight percentage ratios are only relative to detected
elements.

Spotno. |[La% |Zr % | Ta% | Mn % | O %

19.8 8.6 4.8 0.1 66.7
17.9 8.6 4.0 0.1 69.3
46 6.0 1.8 1.6 44.6
5.3 2.4 - 24.8 67.5
72 - - 8.4 19.6

0.8 0.3 1.1 51.2 46.5
17.4 2.2 1.0 31.6 47.7
18.8 8.1 4.8 0.3 67.7
15.4 6.4 4.2 12.8 61.2
11.8 4.8 3.5 23.1 56.8
17.9 7.5 4.9 0.4 69.4
16.7 7.3 4.4 0.6 71.1

— = =
P S ©o0 -0 U W

3.3.2 Electrochemical Characterisation

The room temperature electrical conductivity of the RP1 phase LayLiMnOQOg, is
estimated to be ca. 7.5 x 107* S ecm™!, based on extrapolation from Battle et
al..[198] To therefore ascertain any effect on the electrochemical properties of the
sintered composite material, AC impedance, DC polarisation, cyclic voltammetry
and galvanostatic cycling on a Li|Li symmetric cell was performed.

Impedance analysis was used to evaluate the Li™ charge mobility within the
sample. The data are presented in the form of Nyquist plots in Figure 3.7 that
compare the single phase Lig 4LasTag ¢Zr; 4O12 with the composite structures. Due to
high ionic conductivities most high frequency arcs, which correspond to intra-grain
ionic motion, lie outside of the experimentally accessible frequency range 20 °C. One
strategy to capture the high frequency arcs would be to reduce the temperature of
measurement. This would decrease ionic motion and allow for the visualisation of
the high frequency arcs. It is noteworthy that all samples apart from z = 0.105 show

similar impedance spectra.
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To understand the individual contributions to impedance spectra, equivalent
circuit models were fitted to the gathered impedance spectra. The impedance spectra
contain portions of semi-circular arcs that could be modelled using a resistor (R)
and a constant phase element (Q) connected in parallel. The spectra were fitted
using equivalent circuits composed of two such components in series with interfacial
polarisation at the electrode being modelled by an additional constant phase element
as shown in Figure 3.7. Interestingly, sample x = 0.105 displayed an additional

suppressed arc and subsequently required the addition of an extra parallel [RQ).
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Figure 3.7: Nyquist impedance plot "Lig 4LagTag ¢Zry 4—Mn,O12" (z = 0, 0.035, 0.05,
0.07, 0.105) with Au, Li* blocking electrodes performed at 20 °C, the inset shows
the high frequency response. Equivalent circuit fits may be seen as a solid lines, with
the equivalent circuit displayed in the graph. This equivalent circuit was used for all
samples apart from x = 0.105 which required an extra R(Q) element in series.

Table 3.2: AC impedance fit results and ionic conductivity estimates from
fitting equivalent circuit components for LLZTO and Mn-LLZTO samples
(’Lig4LagTag¢Zri 4 Mn,O15") with secondary phase LayLiMnOg. Lit blocking Au
electrodes were used and all measurements were undertaken at 20 °C.

Composition | R, (k2 cm) | C, (pF cm™!) | Rg (kQ cm?) | Cq (uF cm™!) | Rap (2 em) | Cg, (nF ecm™) | opotar (S cm™?)
-0 2.87 75 536.5 05 - - 3.49(1) x 104

z = 0.035 4.5 6.1 187.6 0.2 2.21(3) x 1074
z = 0.05 3.8 64.0 1.7 0.5 2.656(6) x 10~

z = 0.07 3.9 7.5 202.7 0.2 - - 2.54(2) x 104

z = 0.105 9.2 6.9 8.0 0.5 2457.7 0.7 9.94(2) x 107°

The fit to the high frequency semi-circle resulted in an estimate of the capac-

itance of ca. 107'2 F, indicating that this portion of the impedance arose from
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the intra-grain/bulk response. The calculated capacitance values of parallel circuit
element [R¢ Q| lie within the 107¢ F range, indicating a likely contribution from
the sample/electrode interface.[192] Generally, a distinct frequency response can
be assigned to the grain boundary contribution of the impedance. However, high
relative densities and observed minimal grain boundaries of the pellets are likely to
render the resistance at the grain boundaries negligible, leading to masking by the

larger interfacial effects arising from the Li* blocking electrodes.
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Figure 3.8: Activation energy of garnet Lig4LasTaggZr; 4012 and garnet composite
"Lig4LazTageZr; 4 -Mn, O (z = 0, 0.035, 0.05, 0.07, 0.105) samples. The results
show a largely invariant activation energy.

The sample containing the highest concentration of manganese showed a quali-
tatively different impedance response. Displaying a clearly pronounced second arc,
subsequently requiring an additional circuit element. The capacitance value of the
new |RQ)| element lies within the 107 F range, revealing the arc to be a grain
boundary contribution as commonly observed in LLZO based garnet samples. The
measured contribution likely arising from the secondary phase reaching a detectable
limit during impedance measurements, thereby contributing to a grain boundary
impedance response. Notably, the total ionic conductivity of all samples appeared to
be unaffected by the inclusion of the secondary phase. The first semi-circle is indica-
tive of a bulk response and as such the first inflection point is the resistance of the
intra-grain/bulk response, the subsequent calculated ionic conductivity ranged from

2.21(3) x 107" t0 3.49(1) x 107* S em™!. However, a fall in total ionic conductivity
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was observed with the detection of grain boundary contribution for the sample with
the highest secondary phase concentration. Recent work by Scheld et al., similarly,
found a decrease in ionic conductivity of the composite LLZO based garnet that
held a detectable level of the secondary phase LasLiCoOg.[51] Without a significant
change in lattice parameters relative to the other manganese containing garnets,
it is likely that the overall ionic conductivity is hindered by the secondary phase
as opposed to a change in ionic conduction pathways of the host LLZTO garnet.
This is further corroborated by the temperature dependent ionic conductivity of
the compounds, which was measured between 0 - 120 °C. The results of Arrhenius
analyses are displayed in Figure 3.8 and show a largely invariant activation energy of
ca. 0.42 eV for all compositions. Full tabulated results of equivalent circuit fitting

are displayed in table 3.2.

Table 3.3: Estimated electronic conductivity, ionic and electronic transference num-
bers of LLZTO and Mn-LLZTO samples ('Lig4LasTagsZr; 4 Mn,O15’) with sec-
ondary phase LayLiMnOsg.

Composition | Electronic Conductivity (S cm™') | Ionic transference | Electronic transference
z =0 2.6(1) x 107° 99.83% 0.16%
z = 0.035 2.6(5) x 107° 99.39% 0.61%
z = 0.05 2.6(6) x 107° 99.31% 0.69%
z = 0.105 5(2) x 107° 98.56% 1.44%

DC polarisation measurements showed that every sample had a similar value for
the electronic conductivity of ca. 3 x 1072 S em™!. It is notable that this is in good
agreement with literature values for single phase LLZO based garnets,[223] and shows
that incorporating the relatively highly electronically conducting (ca. 7.5 x 107* S
cm ') secondary phase at low levels had no impact on the DC transport. This may be
due to the minimal amount of secondary phase dispersed in an unconnected network
within the composite electrolyte thereby lying below the percolation threshold. The
electronic transference percentage is however observed to increase linearly with
inclusion of the secondary phase.

To ascertain the effect of the secondary phase on electrochemical properties in
contact with Li-metal, as well as reversible lithium stripping and plating performance
of the composite, AC impedance and galvanostatic cycling were performed with
Li-metal electrodes. Each pellet was prepared identically to ensure consistency
between measurement results. The sample surface preparation, Li stamp pressure,
and cell rest times were consistent between measurements and are described in the
experimental section.

AC impedance was conducted on Li|Li symmetrical cells prior to galvanostatic
cycling and are displayed in Figure 3.9. The high frequency arcs which are assigned
to bulk conductivities are extremely similar for all compositions and hold an average

resistance of 1.07 kQ ecm™!. This indicates that the intra-grain impedance behaviour
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Figure 3.9: (a) Electrochemical impedance spectroscopy results of symmetric Li|Li
cell for ’L16.4La3Ta0.6Zr1_4_$Mnm012’ (l‘ = 0, 0035, 005, 007, 0105) performed at
25 °C. (b) Magnification of the high frequency response with (c) displaying the final
magnification in order to capture clear resolution. Equivalent circuit fits may be seen
as solid lines, fitting required the use of two equivalent circuits: [RQ|[RQ] for z = 0
and 0.035 whilst all other samples required the addition of an extra [RQ]. Equivalent
circuits are summarised in Figure A.2.

Table 3.4: Estimated AC impedance equivalent circuit fit results for individual
components for Lig4LagTaggZr, 4O and 'Lig4LasTaggZr 4—.Mn,O15" composites
with secondary phase LayLiMnOg. AC impedance was conducted with Li-metal
electrodes at 25 °C. Subscripts b, In, and Sp represent bulk, interface, and secondary-

phase respectively.

Composition | R, (kQ cm) | C, (pF cm™') | Ry, (kQ cm?) | Cr, (nF cm™!) | Rgp (k2 cm) | Csp (nF cm 1)
z =0 1.0 81.1 75.3 29.4 - -
z = 0.035 0.87 82.3 18.5 85.6 - -
z = 0.05 1.0 48.8 3.8 35.0 8.7 19.7
z = 0.07 1.0 147.9 0.4 12.5 7.1 90.9
z = 0.105 1.5 220.5 217.4 79.3 1.5 11.5
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of samples was unperturbed by the presence of the secondary phase as well as
formation and assembly of the cell with Li electrodes, a feature similarly seen with
Au, Lit blocking electrodes in Figure 3.7.

The impedance of the symmetric cell does show significant changes in interfacial
dynamics as the quantity of the secondary phase is adjusted. Introduction of the
secondary phase leads to a decrease in the interfacial resistance from 75.3 k{2 cm?
from single phase garnet to 0.4 k2 cm? for the = 0.07 sample. Increasing the Mn
content to z = 0.105 however increases the resistance at the interface significantly.
The low frequency arcs are indicative of the high interfacial resistance and may
result from low Li-metal wettability, which has been reported to arise from the
presence of small quantities of lithium carbonate forming at the surface due to
reaction with moist air.[201] The secondary phase appears to improve Li-metal
contact, decreasing the resistance up to x= 0.07 before reaching a limit. Whilst
further increases in the secondary phase, LasLiMnOg, may provide an ionically
resistive interface thereby increasing the resistance. A third [RQ| component was
fitted for > 0.05 onwards, with a capacitance in the range of 107 indicating the
grain boundary and subsequently the secondary phase. Notably, the resistance of
the grain boundary decreases significantly with the increase of the secondary phase
whilst the electrode-electrolyte interfacial resistance increases. It is likely that as the
quantity of the secondary phase increases on the grain boundaries, the resistance
decreases due to electronic contributions from the electronically conducting secondary
phase.

Galvanostatic cycling of the samples used increasing current in steps of 10 A

2 every hour up to the CCD. The first electrolyte to fail was the single phase

cm
material LLZTO at 0.1 mA cm~2. This is in good agreement with Krauskopf et al.,
as the maximum current density achievable for a mophological stable interface in a
polycrystalline Li|LLZO|Li cell without external pressure.[205] An investigation by
Flatscher et al. however demonstrated that in single crystal Ga-doped LLZO the
natural current density achievable, without external pressure was 0.28 mA cm~2.|66]
The variation in reported results from polycrystalline to single crystal LLZO based
solid electrolytes highlights the contributing impact in variation of microstructure
and grain boundaries.

Figure 3.10 shows that the CCD increases with the quantity of secondary phase,
reaching a maxima of 0.3 mA ¢cm~2 for z = 0.07. Further increasing the Mn content
to z = 0.105 resulted in a decrease to 0.12 mA cm™2. The results of the CCD may be
linked to the observed change in the interfacial impedance (c¢f. Figure 3.9), whereby
a decrease of interfacial resistance has allowed for an increase in CCD. A simple
summation of the results is displayed in Figure A.4.

Two mechanisms are proposed as possible origins for a reduction of interfacial

resistance up to z = 0.07. The first, as a resultant change in surface present Li;COs3
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Figure 3.10: Galvanostatic cycling of LLZTO and LLZTO composites in a Li|Li
symmetrical cell at 25 °C under no external pressure. The current was increased
every hour by 10 A cm™2 until a short circuit occurred. Failure of LLZTO occurs
at a CCD of 0.1 mA ecm™2. As the secondary phase is increased to z = 0.035, z =
0.05 and z = 0.07 an increase in CCD is observed to 0.15 mA cm™~2, 0.22 mA cm 2
and 0.3 mA cm~2 respectively. A limit is however observed at z = 0.07 where after
the performance is decreased to 0.12 mA cm~2 for z — 0.105.

102



CHAPTER 3. ELECTROCHEMICAL AND STRUCTURAL DYNAMICS OF
GARNET COMPOSITE ELECTROLYTES

and the second, which could be attributed to an interfacial layer of LayLiMnOg. The
RP1 phase holds a significant electronic conductivity (ca. 7.5 x 107* S em™!), which
would provide a more homogeneous Li™ flux and electric field at the interface and
grain boundary. An inhomogeneous strong electric field has been shown to spur the
formation and propagation of dendrites.[224] It therefore stands to reason that the
homogenisation of the electric field reduces the interfacial resistance and as such
the propensity for dendrite growth. This has been corroborated by similar work
where the inclusion of a conductive interface at the Li/electrolyte boundary increased
Li contact and homogenised the Li flux and electric field, thereby increasing the
CCD.|208, 225, 226]

A reduction in CCD and increase in interfacial resistance is however seen at z =
0.105. The weight factor of the secondary phase may be at a critical level whereby
an ionically insulating interface is created as well as a conductive network within
the sample. This ultimately expedites the growth of Li filaments, deteriorating
electrochemical properties and resulting in a short circuit at lower CCD.

After cycling, cells were transferred into a glove box and disassembled for post-
cycling analysis. Lithium electrodes were removed and the surface was optically
examined. Figure 3.11 displays post cycling 'darkening’ or ’dark’ discoloration on
the pellet surface which was seen on both sides and across all manganese bearing

samples.

Figure 3.11: Manganese containing pellets displayed a darkening following Li-metal
stripping and plating. The darkening appears to be spread significantly across the
pellet indicating redox behaviour of the secondary RP1 phase.

This ’darkening’ is contradictory to previous reports that demonstrated that Li
dendrites are observed as macroscopic dark spots following cell short circuiting.|73]
These macroscopic dark spots are often localised spots, conversely, the 'darkening’ on
manganese bearing pellets appears to be widespread rather than isolated Li filament

growth. Similar widespread darkening mechanisms within LLZO have previously
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been reported, the incorporation of reducible tungsten dopant, resulted in darkening
of the pellet and was determined to be a result of a partial reduction of Wt to W4+
was observed.[144] Darkening was further observed with Fe3* stabilised LLZO, the
pellet was seen to darken upon contact with Li-metal, forming a resistive tetragonal
LLZO interface, indicating Li-metal instability. The authors hypothesise that the
darkening as a result of partial reduction of Fe*™ to Fe?".[145] More recently, this
darkening effect has been further reported by Scheld et al., which observed the
mechanism with the inclusion of a Co bearing RP1 phase.[51] It therefore suggests
that the darkening of the pellet is a consequence of manganese redox activity under
cycling conditions, indicating that the RP1 phase is electrochemically active.

To further gain insight into the redox behaviour of the manganese containing
sample with Li electrodes, cyclic voltammetry was conducted on z = 0.05. The
cyclic voltammogram in Figure 3.12 displays cycles 1 - 10. Initial cycles display the
characteristic Li deposition peak at 0.5 V and subsequent stable behaviour from 0 V
to 5 V against Li-metal as expected. Cycle 5 onwards however shows the appearance
of an oxidative peak at 4.2 V indicating secondary electrochemical activity. The peak
location is comparable to the Mn3®* to Mn** transition of LiMnO, which result

from Li-rich to Li-poor phases.[110]

-15 4

-20 + 40 a1 42 43 44
Patential vs. LiflLi+ (V)
T T T T T T T T
0 1 2 3 4 5
Potential vs. Li/Li+ (V)

Figure 3.12: Cyclic voltammetry of z = 0.05 was conducted at 25 °C between 0 V
and 5 V. Initial cycles displays stable behaviour of the composite solid electrolyte
with the characteristic lithium deposition peak at 0.5 V. However, cycle 5 sees the
appearance of an oxidative peak at 4.2 V, indicated by *. CV was conducted with a
sweep rate of 100 uV s™1 at 20 °C, Au and Li-metal were attached to the pellet as
working and counter electrode respectively.

The insert shows the subsequent peak current increase with successive sweeps,
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which in the case of LMO indicates a structure transformation of layered LiMnO,
into a spinel like phase.[227, 228] Whilst the presence of LMO is predicted via
reaction during the SPS step (c¢f. Equation 3.1), presence of the structure within the
composite cannot be confirmed and as such the quantity is unlikely to be sufficient to
elicit an oxidative response as seen at 4.2 V. A more likely mechanism is that the RP1
phase displays manganese oxidative behaviour as result of electrochemical activity,
which would support the discolouration observed in the pellets. Such an oxidative
behaviour would display a current peak in a similar vicinity to 4.2 V. Subsequent
cycles however show an increase in the current peak which may indicate a continuous
oxidation of Mn®* to Mn**. Similar to LMO, continuous oxidation of manganese in
the RP1 phase would have to be facilitated by a extraction of lithium from the lattice
and as such a change in the crystal structure, a potential reaction may therefore be

proposed as:

L(I4LiMﬂOg — LCL4Li0_5MﬂOg + Ligs (32)

Interestingly, the reverse sweeps do not present a corresponding reduction peak,
demonstrating an irreversible nature. A consequence for the irreversible nature may
be that during cycling, Li ions are easily extracted out of the manganese bearing
RP1 secondary phase whilst reinsertion is energetically less favourable. Extracted Li
ions would therefore preferentially conduct within the LLZTO electrolyte towards
the electrodes or, begin plating within the solid electrolyte. The extraction of Li
from the RP1 lattice would therefore result in a structure change for the RP1 phase,
potentially to Lay;MnQOg, which has been computationally predicted as a tetragonal
14, /amd or orthorhombic C'mmm.[229] This concept is further explored in Chapter
4. Such a structural change would induce manganese oxidation which would result
in the darkening on the pellets (¢f. Figure 3.11) and observed current peak increase

at 4.2 V (cf. Figure 3.12).

3.3.3 X-ray Photoelectron Spectroscopic Characterisation

To further examine the oxidative behaviour and the nature of the darkening in
these pellets, X-ray photoelectron spectroscopy (XPS) was utilised. Samples were
subsequently assigned one of three identifiers: 'Pristine’, representing a sintered
pellet; ’dark’ signifying the visible dark regions (Figure 3.11) on a pellet following Li-
metal cycling; and ’light’, denoting sections that retained the pellets’ original colour
between the darkened regions. Initial scans of two manganese bearing samples (z =
0.07) ’dark’ and ’pristine’ revealed noisy spectra due to the very low concentration
of Mn, which at 0.3 at% was just above the level of detection of about 0.1 at%. The
noise in the spectra was mitigated by increasing the analysis time, but the resulting

spectra were found still to be too noisy to resolve the multiplet splitting expected for
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manganese. The spectra may be compared to reference spectra in Figure 3.13c.|230]
As expected, the peak bonding energies at approximately 642 eV for Mn 2p3/; is
too high to be metallic manganese (ca. 639 V) and too low for Mn™" (ca. 647 €V).
The shape of the Mn 2p3/5 peak however appears to be most similar to the Mn*t,
The results therefore appear to suggest that the surface manganese is present as
Mn**, this is contrary to the PXRD results presented in Figure 3.4 which display
the presence of RP1 LayLiMnOg which hold manganese in a Mn3*t configuration.
Interestingly the 'pristine’ XPS data appears to be identical to the 'dark’ sample
alluding to the potential presence of Mn** in the as-made pellet. As XPS is a surface
measurement technique with a penetration depth of ca. 5 nm and is therefore highly
sensitive surface reactions. Coupled with concentration of manganese this meant
that the data were unable to reveal if the configuration was exclusively Mn** or a
mixed oxidation state.

Scans of the C 1s peaks reveal a change in the formation Li;CO3. Sample z =
0.07, prior to Li-metal attachment (pristine) reveals a predominant contribution
of Li;CO3 which has been shown to cause a resistive interface with Li-metal.[201]
The XPS spectra of the ’dark’ sample shows a decrease in the lithium carbonate
peak; an observation that has been similarly noted by Scheld et al. during XPS
measurements of cobalt containing RP1 secondary phases in an aluminium-tantalum
doped LLZO.[51] This apparent decrease in the quantity of lithium carbonate may
indicate a reaction between Mn ions forming an analogue of lithium manganate at
the surface. Once again, a more likely scenario would be that the reduced quantity
of Li;COg3 is a result of a reaction with the RP1 secondary phase. This change
in surface chemistry would result in the formation of and release of gaseous CO,
during cycling, however, detection of CO, is not possible in the current Swagelok cell
set up. Importantly, the observed decrease in Li,COj3 further corroborates one of
the proposed mechanisms explaining the resultant decrease in interfacial resistance
(cf. Figure 3.9 and Table 3.4) and subsequent increase in CCD (c¢f. Figure 3.10).
However, once detrimental levels (z = 0.105) of RP1 secondary phase are reached
an increase in interfacial resistance, decrease in CCD, and drop in grain boundary
ionic conductivity are observed which as mentioned may be due to the build-up of
an ionically blocking layer of La,;LiMnOs.

Due to uncertainty from collected XPS data, X-ray absorption spectroscopy (XAS)
experiments were carried out to further quantify the oxidation state of manganese.
Measurements were conducted on the KMC-3 beamline at the Helmholtz-Zentrum
Berlin (HZB) light source BESSY II. Figure 3.14a shows the XANES region of the
XAS data with Mn K-edge for the ’dark” and ’light” sections of composite samples (z
= 0.035, 0.07, 0.105) as well as reference standards for Mn3* and Mn**.

The normalised data reveals that all composite samples fell between the reference

samples thereby revealing a mixed oxidation state of the Mn3* and Mn**. Closer
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Figure 3.13: XPS measurements of as sintered, ’pristine’ and 'dark’ LLZTO and
Mn-LLZTO pellets (z = 0.07) (a) Spectra of Mn 2p, red displays the results from
the sintered non-cycled ’pristine’ sample, whilst black displays the results from
the ’dark’ regions following Li-metal attachment and cycling. The low levels of
manganese caused high levels of noise in the spectra and it was not possible to
discern between Mn3*t and Mn?*. (b) Spectra of C 1s for ’pristine’ and ’dark’
(blue and black) the pristine sample shows the presence of Li;CO3 along with a
carbonaceous contamination. On the contrary results from the dark’ regions following
Li-metal attachment and cycling show a large reduction of Li;COj. (c) Reference
spectra of Mn 2p for Mn?*", Mn3* and Mn**.[230]

examination of the pre-edge region (Figure 3.14b), marked by a dotted box in Figure
3.14a, reveals a minor shoulder within the measured samples. The XAS pre-edge
is sensitive to d orbital occupancy displaying 1s to 3d transitions and as such is
an indicative response arising from a change in d orbital occupancy. The observed
shoulder in the pre-edge region is inherent in the MnQO, reference standard and the
measured samples are seen to be exhibiting the beginnings of this shoulder indicating
a propensity towards a Mn** state. For further quantification, the energy positions
of all samples were taken at the normalised absorption coefficient 1(E)q 5 displayed in
Figure 3.15. The ’dark’ and ’light’ sections appeared to hold no significant difference
from one another and display a mixed oxidation state of the manganese. The depth
of analysis must be considered, XAS was conducted under fluorescence mode and

holds a penetration depth of ca. 50-100 nm. Whilst, a more significant depth is
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Figure 3.14: X-ray absorption spectroscopy (XAS) measurements (a) of the Mn K
edge for the light and dark regions of composite LLZTO as well as Mn** standard
Mn,O3 and the Mn** standard MnQO,. All samples are observed to lie between both
standards revealing a mixed oxidation state of Mn3t and Mn**. The dashed box
highlights the pre-edge region displayed in (b), pre-edge spectra appear to hold a
slight bowing upwards, similar to that of MnOs,, indicative of propensity to a Mn**
configuration.
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Figure 3.15: XANES energy shift at pu(e)os for 'Lig4LagTagZry 4 oMn,O15" (z =
0.05, 0.07 0.105). Measurements were taken on the ’Light’ areas, which displayed no
darkening and on the ’Dark’ regions which are representative of the darkening.
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probed in comparison to XPS, length scale and depth of penetration the dark sections
must be considered. XAS and XPS analysis show that the sample holds a mixed
oxidation state of Mn®* and Mn*" at the interface and the immediate region within
the bulk (ca. 50-100 nm). With an initial PXRD pattern indicating a RP1 phase
(LayLiMnOg), the manganese is expected to hold a 3+ oxidation state, XAS and XPS
however reveal a change towards Mn**. It is likely that phase change occurs at a
long length scale during cycling, initially beginning at the interface and subsequently
moving through the sample. Diffraction is sensitive to long-range, crystalline order
and would be largely insensitive to changes in local oxidation state changes driven

by surface reactivity.

3.4 Conclusion

In this chapter the composite polycrystalline solid electrolyte of the general for-
mula, 'Lig 4LagTageZr 4. Mn,O15" (z = 0.035, 0.05, 0.07, 0.105) has been presented.
Powder X-ray diffraction (PXRD) analysis performed on the synthesised garnet,
observed the formation of a composite structure, where the target cubic phase Ia3d
was synthesised along with the presence of perovskite-related Ruddlesden Popper
n = 2 secondary phase LazLiMnO;. PXRD analysis following pelleting via spark
plasma sintering found the predominant garnet phase to have been retained whilst
the secondary phase was observed to undergo a phase transformation to n = 1,
La,LiMnOg. SEM/EDX images obtained located the secondary phase along the
grain boundaries of the garnet composite.

The RP1 secondary phase was estimated to hold a vastly increased electrical
conductivity (ca. 7.5 x 107 S em™!) in comparison to the LLZTO garnet, which
retains an electronic conductivity of 107 to 1071 S em™!. AC impedance and DC
polarisation were used to understand the effect of different electronic properties on
the composite structure. Only minor changes in ionic conductivity were observed up
to z = 0.07, with a decrease in the ionic conductivity of an order of magnitude for z =
0.105. Electrical conductivity measurements however revealed no significant change
in overall electronic conductivity of the composite structure. To further understand
the role of the secondary phase on the composite in contact with Li-metal, and during
cycling, AC impedance, galvanostatic cycling and cyclic voltammetry were performed.
Results revealed increasing amounts of secondary phase reduced resistance in contact
with Li, subsequently leading to an increase in CCD from 0.1 to 0.3 mA cm™2. A
maxima however appears to be reached at + = 0.07, whereupon the secondary phase
counteracts the interfacial resistance, thereby reducing the CCD. Post-cycling analysis
revealed the formation of a dark discolouration across all manganese bearing pellets
that alluded to a redox behaviour. Cyclic voltammetry was conducted to further

investigate the nature of the discolouration, results displayed an initial stability in
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contact with Li from 0 to 5 V, later cycles however revealed the appearance of an
oxidation peak at 4.2 V, analogous with Mn oxidation.

To quantify any potential oxidative behaviour of the secondary phase XPS
and XAS were performed. XPS measurements further revealed likely oxidative
behaviour of the secondary phase at the Li-electrolyte interface, from Mn3* to Mn**.
Additionally, information could be gained from the XPS spectra of the C 1s, where a
reduction in Li,CO3 with the attachment of Li-metal was revealed. The reduction of
the lithium carbonate may be an explanation for the observed increase in CCD. It
was however not possible to fully quantify the oxidation state of manganese from
XPS due to the low concentration of Mn ions. For further clarification XAS data was
collected; the XANES region of the data revealed a mixed oxidation state of Mn?/**t.
The mixed oxidation state may be a result of a slow transition during dynamic
conditions, which is supported by CV measurements where Mn oxidation peaks are
only observed in latter cycles; thereby hinting at the oxidation of the secondary
phase under Li stripping and plating measurements.

In chapter 4 post cycling XRD-CT analysis will explore and gain an insight into
the change in crystal structure of the secondary phase, whilst finite element analysis
will attempt to illuminate the role of the secondary phase on current distributions
within the sample.

This chapter provides an intriguing insight into the role of secondary phases
within solid electrolytes. In this instance the different electrical and electrochemical
properties mean that even at low levels they can affect the electrochemical attributes
of the whole system. It therefore stands to reason that further efforts need to be placed
into understanding the role and electrodynamics of grain boundary located secondary
phases in LLZO based electrolytes. With the use of an appropriate secondary phase,
it may even be possible to alter the electrodynamics of a system in order to control

the cyclability and degradation mechanisms of LLZO solid electrolytes.
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Chapter 4

Microstructural Characterisation of

Garnet Composite Electrolytes

4.1 Introduction

The formation of the n = 1 Ruddlesden-Popper (RP1) secondary phase LayLiMnOsg
on the grain boundaries of garnet Lig 4LagTagZr; 4012 (LLZTO) was discussed in
Chapter 3. Subsequent electrochemical and spectroscopic characterisation showed
that the secondary phase became electrochemically active during galvanostatic
cycling with Li-metal, affecting the electrodynamics of the whole composite system.
XANES and XPS measurements revealed that the manganese of the RP1 phase
changes oxidation state resulting in a mixed oxidation of Mn3* and Mn**. The
change in oxidation state and its subsequent effect on electrochemical properties
were accompanied by a darkening of the pellets (¢f. Figure 3.11).

The techniques utilised in Chapter 3 provided a good understanding of the effect
of the RP1 phase on the composite, solid electrolyte (SE). To gain a more detailed
understanding, the composite’s performance was analysed using X-ray diffraction
computed tomography (XRD-CT) and Finite Element Method (FEM). XRD-CT
allows the construction of images of spatially resolved information as images from
inside a sample. These images are a three-dimensional (3D) array, where each
voxel /pixel corresponds to a unique diffracted intensity from which a diffraction
pattern may be extracted, delivering information on crystalline phases located
within that volumetric portion of the object. In simple terms, the technique allows
for the location and identification of phases within the bulk, readily enabling the
identification, isolation, and quantification of any changes to the RP1 phase arising
from galvanostatic cycling with Li-metal.

Early application of the technique for battery analysis saw the characterisation of
a Li-ion coin cell and a commercial Ni/MH AAA battery.[186] The authors demon-

strated a reliable non-destructive method of obtaining in situ, structural and textural
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detail directly from constituent elements of these batteries. The examination encom-
passed cell components as well as the composition of the cathode film demonstrating
the method’s comprehensive proficiency in characterising detailed structural features.
As the technique continues to develop, its characterisation capabilities have improved,
facilitating more detailed spatial and temporal descriptions of batteries.

Recent research has extended the scope with full cell characterisation of a com-
mercial Li-ion cylindrical cell. This work successfully demonstrated the ez-situ
characterisation of active battery materials following charge and discharge. The
authors were able to distinguish between different Li,C species, providing lattice
parameters and revealing chemical heterogeneities within the commercial cell. These
findings provide intriguing observations into chemical dynamics of electrode evolution
as a function of cell cycling.[231, 232]

Virtually deconstructing the cell through XRD-CT and focusing on dynamics
of battery electrodes has resulted in highly detailed spatial and temporal charac-
terisation, as well as the quantification of crystallographic heterogeneities. The
capabilities of the technique have provided comprehensive insights into structural
alterations, stoichiometric differences between particles, compositional gradients, and
phase heterogeneities within particles of common battery electrode materials such as
NMC, LFP, LMO and Si-graphite.[233-236] As such, XRD-CT is a potent technique
in the characterisation of battery materials, providing compelling quantitative and
visual data that allow for the in depth examination of materials behaviour within a
battery.

XRD-CT has been used in this thesis for the investigation into the RP1 (LayLiMnOg)
bearing garnet LLZTO. Post-cycling analysis following CCD measurements revealed
that dark regions on the composite pellets (¢f. Figure 3.11) contained manganese
in states from Mn®*" to Mn**. A potential mechanism was proposed (cf. Equation
3.2), whereby Li extraction under dynamic cycling drives the oxidation state change
within the RP1 phase.

Standard diffraction techniques could have been utilised to characterise a change
of crystal structure, phase, lattice parameter, or the emergence of additional peaks
associated with the ‘dark’ regions. However, traditional diffraction provides an
average global analysis of long range order. Actively selecting the 'dark’ regions
of the pellet for analysis would therefore be extremely challenging, with collected
results prohibiting accurate and detailed characterisation, likely leading to inaccurate
or misleading interpretation.

Furthermore, inaccuracy would occur from mounting pellets of different heights
within a laboratory based diffractometer, resulting in false positive peak shifting.
Coupled with unpredictable post-cycling surface finish, the reliability of the collected
data would further come into question. Conversely, the grinding of pellets would

lead to the dispersal and dilution of the ’dark’ regions of interest, arguably masking
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any new peak or positional changes in the RP1 phase.

XRD-CT therefore provides a unique and non-destructive analysis technique
to precisely target specific regions of interest. This method not only delivers high
quality, two-dimensional spatial maps of individual phases and their heterogeneity
but also a third dimension in the form of extracted PXRD patterns (often referred to
as the spectral dimension). Furthermore, to the authors knowledge, as of this thesis
publication, it would be the first such measurement on a garnet solid electrolyte.

Computationally assisted XRD measurements are extremely powerful in segre-
gating and visualising crystallographic, structural and phase heterogeneities and
allow for detailed investigation into specific regions of interest; they however do not
reveal electrodynamic mechanisms within the solid electrolyte composite. Due to
the variations in electrical conductivity of the two constituent phases within the
composite, these dynamics can be usefully interrogated simulating the composite
using FEM; producing a representative model to determine the impact of the second
phase on local current densities.

FEM studies have previously been used in the two-dimensional modelling of
a full cell with Li-metal as anode, LiCoO5 as cathode and LizPO, as solid elec-
trolyte.|237] The authors studied the variation of Li* concentration under different
charge/discharge rates. However, a more relevant recent investigation investigated
the current density at the solid electrolyte interface with Li-metal, which provided a
simple model and was able to show the current density distribution throughout the
sample.|71] The model varied the current density to illustrate the electrodynamics
under dynamic current conditions while taking Lit diffusion into account. Although
simplistic, the model provides a valuable visual and quantitative insight into the
electrodynamics and current distribution at the interface of LLZO and the Li-metal
electrode. It emphasises the advantage of an FEM model to describe and visualise
the natural phenomenic process occurring within the solid electrolyte. In this chapter
a similar approach will be adopted by developing a model of garnet LLZTO with
simplified grain boundaries incorporating the presence of RP1 LayLiMnOg. The aim
is to provide an insight into the electrodynamics of the system and the impact of the

RP1 phase on the current density.

4.2 Experimental

XRD-CT diffraction data were collected for the synthesised garnet composite of
general formula "Lig 4LaszTag ¢Zr1 4 Mn,O15" (z = 0.035 and = = 0.07). Three regions
of interest were measured from the two stated composites and are each assigned
the following identifier: "Pristine’, 'Light” and 'Dark’. ’Pristine’ refers to a sintered
sample without Li-metal attachment. 'Dark’ represents the dark regions following

Li-metal attachment and cycling (¢f. Figure 3.11); on the contrary, ‘light’ refers to
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regions from the same pellet as those from ‘dark’, which however did not display any
of the discolouration.

XRD-CT measurements were performed at beamline P07 (EH2) at the PETRA
I1I synchrotron at DESY using a 73.75 keV (A = 0.1681 A) monochromatic X-ray
beam focused to have a spot size of 10 x 1 pym. Two-dimensional powder diffraction
patterns were collected using a Pilatus3 X CdTe 2M hybrid photon counting area
detector. Post cycling, the pellets were fractured to generate shards, this resulted
in shards of an asymmetrical nature that narrowed into a point and held varying
dimensions ranging from ca. 50 - 150 mm in length by ca. 50 - 70 mm in width. That
included portions of material that had contacted metallic lithium as well as regions
from the internal portion of pellet. These were mounted onto a goniometer which
was placed on a rotation stage|231] - the narrow cross section was required to allow
sufficient beam transmission and to give constant intensity throughout the sample.
Given the hardness of the samples, the fracturing to create the shards resulted in
uneven cross-sections. The goniometer was mounted on a translation stage that
permitted movement of the different portions of the sample into the beam. The
XRD-CT scans were measured by performing a series of zigzag line scans in the z
(vertical) direction.

An exposure time of 5 ms and an angular range of 0° — 360° with 500 projections
in total were used for each XRD-CT dataset. The translation step size was 1 pym in
continuous translation (fast axis), and stepped rotation (slow axis).[238] The detector
calibration was performed by Dr Stephen W.T Price from Finden Ltd, using a CeO,
standard. An instrument parameter file was created from information derived from
the full profile analysis of a CeO, diffraction data collected during the beamtime
experiment. An 8th order Chebyshev polynomial was used to fit the background and
a pseudo-Voigt profile function to fit the diffraction peaks. Every 2D diffraction image
was calibrated and azimuthally integrated to a 1D powder diffraction pattern both
without and with a 5 % trimmed mean filter using the pyFAI software package and
Finden Ltd, in-house developed scripts.[239-241] The integrated diffraction patterns
were reshaped into sinograms, centred, and the air scatter signal was subtracted from
the data. The data were reconstructed using the filtered back projection algorithm,
with the voxel size in the reconstructed images being 10 x 10 x 1 pm?3.

Rietveld refinements were conducted on summed diffraction patterns using GSAS
IT software.[183] Rietveld refinements fits used established structures from the ICSD
for LLZTO (ICSD 894) garnet phase and LasLiMnOg (ICSD 94927). Shifted-
Chebyschev and pseudo-Voigt functions were used to fit the background and peak
shapes respectively.

Finite element analysis was conducted using the COMSOL Multiphysics software
package.[197] Following solving, post-processing is used to visualise and analyse the

solution. An initial 9 x 9 array of cubes of 11 pm sides was created (Figure 4.1).
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Figure 4.1: (a) Full 9 x 9 array of cubes, the FEM geometry represents the model
for LLZTO garnet composite. (b) Location of the disc in the geometry representing
the secondary phase La,LiMnOQOg, it may be seen as residing on the grain boundary
indicated by a red arrow. (c) Application of the current conservation around the
geometry to apply continuity equations. (d) Electrical insulation boundary conditions
assigned to the external surfaces. The top (e) and bottom (f) surfaces were assigned
electrical terminals, and a potential of 1 V was applied.
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Centred within each of these a smaller cube of 10 pm sides. The assembly was used
to represent a LLZTO 10 pm grain bulk (the smaller inner cube) enclosed within a 1
pm grain boundary border. The domains were assigned an electronic conductivity of
1072 and 107® S cm™! for the bulk (central cube) and the grain boundary domain
respectively. The secondary phase LasLiMnOg is included in the geometry as a
smaller disc (r = 1 pm, h = 0.1 pm) with an electrical conductivity of 7.5 x 107* S
cm™!, a value which was based on extrapolation from Battle et al..[198] The disc
was located on the grain boundary to emulate the location of the secondary phase.

Electrical insulation boundary conditions were assigned to the external side
surfaces, setting the current to zero at the boundary, prohibiting the electrical
current from flowing into the boundary and constraining the electrodynamics within
the geometry. The geometry was then assigned a 'current conservation’ which adds
continuity equations based on Maxwell’s equations for the electrical potential. The
top and bottom surfaces were designated as electric terminals, and an initial potential
of 1 V was applied.

A mesh size of 0.594 pm to 3.3 nm was applied to the entire geometry before two
stationary studies were conducted to solve for steady-state conditions, one with the
secondary phase present and one where it was absent. The impact of the secondary
phase on current flow was determined by subtraction of the ’secondary phase absent’
simulation, from the results obtained when the secondary phase was present. A
data set was subsequently produced that highlighted the influence of the secondary
phase on current flow, while eliminating other factors such as grain size or electrode
configuration. In order to emphasise the significant changes in current density, a filter
was applied so that only values above 0.0032 A m~2 are shown. A subsequent volume
integration of the filtered results revealed the magnitude of the current densities’
sphere of influence (region of enhanced current density) within the structure. The
simulation represents the stationary electrodynamics of an RP phase inclusion within
a LLZTO ceramic.

4.3 Results and Discussion

4.3.1 X-ray Diffraction Computed Tomography
Data Analysis

Initial analysis of the collected data showed that the non-filtered back-projection data
suffered from streak artefacts. Streaking will occur when the crystallite size matches
or is larger than the dimensions of the incident beam (i.e., 1 pm). This occurrence
leads to single crystal diffraction that appear as spots rather than concentric rings in

the initial Laue projection stage. The subsequent back projection reconstruction will
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exhibit streaking, which appears as lines in the generated tomograms. An example
of streaking is shown in Figure 4.2c where distinct blue lines are interlaced over the
image.

One approach to mitigate streak artefacts is the application of a convolution filter
specifically a mean-trimmed filter. However, the filtered data even at low levels of
intensity almost entirely removed the contribution of the secondary phase, prohibiting
spatial mapping. The filter’s characteristics involve the removal of extreme pixel
values from the raw 2D data.|[239] Due to low intensity levels, this process resulted
in the removal of signals originating from the RP1 phase. The decision was therefore
made to proceed with the unfiltered data, regardless of the streak artefacts. Using
initial XRD data from Chapter 3, unique (321) and (101) reflections were identified
and selected for the garnet phase and RP1 phase respectively. Using a pseudo-Voigt
function for fitting, the intensities of these peaks were used to map their respective
spatial distributions within the composite samples. To remove any background signal
surrounding the samples a 30% filter was added to the max intensity of the selected
peaks. Intensity values below this threshold were subtracted from the image in a
mask assigned to the colour black, subsequently resulting in the black regions of
the image. Intensity values of the respective phase reflections were assigned red for
the garnet phase and blue for the RP1 phase. The processed phase distribution of
each individual reflection was subsequently combined with the mask into the spatial
map in Figure 4.2. Due to processing issues arising from the mean trimmed data,
a colour intensity scale linked to phase fraction or each other was not possible. As
such the spatial mapping from the unfiltered data scale is a binary 0 or 1, present or
not present for the phases, leaving qualitative data.

To obtain quantitative data, a region of 30 x 30 pm was selected from the dataset
for each sample. Each voxel/pixel corresponds to a unique diffracted intensity from
which a diffraction pattern may be extracted. The resulting, summed diffraction
patterns, obtained by combining ca. 900 pixels for each sample, are depicted in
Figure 4.3. These were subsequently normalised to the intensity of the main garnet
phase and overlaid. Figure 4.4 displays the region of interest focusing on the primary
RP1 reflections, presenting the overlaid diffraction patterns. The specific area is
highlighted by the dashed box in the former figure. Each summed diffraction pattern
was evaluated for phase distribution using Rietveld refinement. During refinement,

lattice parameters were permitted to refine freely whilst atomic positions were fixed.

Results Analysis

Spatial mapping in Figure 4.2 reveals a subtle change in the dispersion patterns of
the garnet and RP1 phases. For both composites (z = 0.035, 0.07), the RP1 phase

is evenly distributed throughout the garnet in all three regions of interest (pristine,
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light, dark). All pixels in the maps containing either only the main phase, or a
combination of the main and RP1 phases. Noticeably, the representative red and blue
phase colours in the ‘dark’ sample appear to become smaller, more dispersed, and
less agglomerated, in contrast to the "pristine’ and ’'light’ samples. This may indicate
a morphological change, such as a change in crystallite size under cycling conditions.
The observed black regions present within the garnet sample are attributed to
variation in the crystallinity, local changes in density/morphology at the micron scale,
as given by the variations in peak height, a probable inducement may be localised
micro-voids or grain boundaries, as observed in the SEM images in Figure 3.6 of the
sample resulting in low intensity and subsequently being coloured black from the
application of the mask. Spatial mapping of the sample displays a heterogeneous

nature of the two phases, with apparent crystallite changes under cycling conditions.

To understand any potential change in the RP1 phase under cycling conditions
summed diffraction patterns for each sample were analysed. The region of interest
relating to the summed and overlaid diffraction patterns are displayed in Figure 4.4.
Initial analysis of the RP1 impurity peaks, hkl 101, 103 and 110 reveal a systematic
decrease in the peak height from ’pristine’ to 'light’ through to ’dark’. The conducted
two phase Rietveld refinement further quantify the observed changes. Analysis of
the data (Table 4.1) shows that the phase fraction of RP1 decreases, verifying that

the a decrease in visible peak height is linked to a decrease in phase fraction.

One plausible explanation would have been a change in lattice parameters of
the RP1 phase, however, as the results show, these remain invariant. Without
change in lattice parameters the observed change in intensity arising from the RP1
reflections may stem from a phase transition proposed in Equation 4.1 as well as
in Chapter 3. Under cycling conditions, extraction of lithium from the RP1 phase
would result in a size decrease of the B site. Any decrease in the A or B site
of the RP1 phase (A,;11B,03,11) is known to cause a lowering of symmetry as a
result of octahedral tilting, the structure subsequently undergoes a transition from
tetragonal (I4/mmm) to orthorhombic (Pnma).[242, 243] Whilst lattice parameters
of a tetragonal structure are equal to a=b#c, a change to orthorhombic would result
in parameters of a#bc, even minor alterations would modify the crystal lattice

angles and inevitably the positioning of the hkl 103 and 110 reflection.

LayLiMnOs — LaqLiosMnOs + Li° (1)
Tetragonal — Orthorhombic '

Inevitably, due to the emergence of new reflections, Rietveld refinements centred
around the La,LiMnOg phase would see variations in peak intensity and peak width.

At low concentrations, new reflections may however be masked by the present
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X = 0.035 Pristine i i x =0.035 Dark

X = 0.07 Pristine : i x = 0.07 Dark

Figure 4.2: XRD-CT 2D spatial mapping with a field-of view of 100 yum x 100 pm
from composite samples 'Lig 4LagTagZr14 -Mn,O15": = = 0.035 (a) pristine, (b)
light, (c) dark; z = 0.07 (d) pristine, (e) light, (f) dark. The garnet phase is in red
and RP1 in blue. Normalised intensity is shown for both phases where black = 0,
and red and blue = 1 for garnet and RP1 respectively. The RP1 phase is evenly
distributed throughout the solid electrolyte in all three states. The heterogeneity of
the sample appears to result in finer variations from ’pristine’ to 'dark’.

Table 4.1: Rietveld refinement results from summed diffraction patterns for man-
ganese bearing 'Lig4LagTag ¢Zr1 4_-Mn,O15” composite samples z = 0.035 and 0.07.
The phase fraction decreases systematically from the "pristine’ to ’dark’ states whilst
lattice parameters remain invariant.

Fit Statistics La,LiMnOg LLZTO
Sample Rupy | X* | GOF | Wt Phase fraction [a — b (A) [ ¢ (4) a=b=c(A)
0.035 ’pristine’ || 13.795 | 43.9 | 0.23 2.6(1) % 3.783(1) | 12.937(7) 12.9164(7)
light” 14.768 | 55.5 | 0.26 2.3(1) % 3.783(1) | 12.92(1) | 12.9145(8)
'dark’ 15.579 | 52.8 | 0.25 2.0(2) % 3.783(1) | 12.930(4) 12.9137(7)
0.07 pristine’ || 21.499 | 17.1 | 0.14 6.8(3) % 3.784(1) | 12.930(4) |  12.916(1)
light” 17.523 | 12.6 | 0.12 5.5(2) % 3.786(1) | 12.939(5) | 12.9175(9)
‘dark’ 14.825 | 44.4 | 0.23 45(1) % 3.784(1) | 12.934(5) |  12.9163(3)
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Figure 4.3: Summed diffraction patterns (900 pixels, 30 um x 30 pum area) extracted from the XRD-CT measurements for composite samples
"Lig4LazTageZr; 4 »Mn,O15": z = 0.035 and 0.07 (pristine, light, and dark) the data has been normalised to the main garnet phase. The
dashed box indicates the region of interested magnified in Figure 4.4.
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Figure 4.4: Summed diffraction patterns extracted from XRD-CT measurements;
overlaid and magnified for region between 1.7 and 2.7 Q (A="). The data is normalised
to the peak maximum of main garnet phase to show the relative changes in the 101,
103 and 110 reflections arising from the RP1 phase #. The LLZTO 103 reflection is
indicated at ca. 1.82 Q (A1).

LasLiMnOg peaks and may only appear with sufficient quantities as peak splitting, or
asymmetry of existing LasLLiMnOg peaks. The refinement model would consequently
only focus on La,;LiMnOyg reflections whilst mathematically compensating for a
decrease in intensity /change in broadening by decreasing the phase fraction. Moreover,
such a phase change may explain the observed morphological alteration in the RP1

crystallites.

Observations are compatible with this claim, and analysis of the diffraction profile
was conducted. Results of peak width (Q (A1) and peak intensity are displayed
in Figure 4.5. Indicative of crystallite size and strain; an increasing peak width is
associated with a decrease in crystallite size and increase in strain. Whilst the peak
integral is a function of the intensity of scattering from the given plane, or in simple
terms how much of the plane is intersected by the incident beam. Analysis of peak
intensity shows a systematic decrease for both compositions from ’pristine’ to ‘light’
to 'dark’; indicating a decrease in the detection of 103 and 110 hkl planes. This is
concurrent with the results from Rietveld refinement. Once again alluding to the
proposed phase change to orthorhombic and indicating a change in distribution of

atoms within the unit cell.
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Figure 4.5: Analysis of the peak width reveals a notable change. Sample (a) z =
0.035 displays an overall reduction in peak width for reflections hkl 101, 103, and
110 across all regions of interest (‘pristine’, ‘light’, and ‘dark’). Conversely, sample
(b) z = 0.07 exhibits a general increase, alluding to a change in crystallite size of the
La,sLiMnOg secondary phase. The subsequent peak integral for the same reflections
in (c) z = 0.035 and (d) z = 0.07 display a consistent decrease from ‘pristine’ to
‘light’ to ‘dark’; indicating a reduction in scattering intensity associated with these
reflections. This trend aligns well with the systematic decrease observed in the weight
fraction of LasLiMnOsg.

Table 4.2: Tabulated FWHM and peak integral results. for samples x = 0.035 and
0.07 (’L16.4La3Ta0.6Zr1,4_zMnxOlg’), 7pl"iStiIlG’, 7hght7 and ’dark’.

FWHM Peak Integral

Sample hkl 101 | hkl103 [ hkl 110 hkl 101 | hkl103 | kI 110
0.035 ’pristine’ || 1.67 x 1072 | 2.26 x 1072 | 3.11 x 1072 | 6.14 x 107* | 1.16 x 1073 | 9.80 x 1074

light’ 1.86 x 1072 [ 2.31 x 1072 2.79 x 1072 | 9.85 x 107* | 2.79 x 1072 | 7.48 x 10~*

"dark’ 1.83 x 1072 | 2.15 x 1072 | 2.49 x 1072 | 8.43 x 107* | 2.49 x 1072 | 7.00 x 10~*
0.07 “pristine’ || 1.56 x 1072 | 1.77 x 1072 | 1.57 x 1072 | 2.04 x 1073 | 1.57 x 1072 | 2.48 x 1073

light’ 1.74 x 1072 | 1.48 x 1072 | 1.76 x 1072 | 1.88 x 1073 | 1.48 x 1072 | 2.38 x 1073

"dark’ 1.84 x 1072 | 2.16 x 1072 | 2.31 x 1072 | 1.46 x 1073 | 2.16 x 1072 | 1.72 x 1073

The peak width appears to increase from the’ pristine’ to the ’dark’ for sample
x = 0.07, which supports the observations from spatial mapping, where it appears
that the RP1 phase crystallites become smaller. Furthermore, the extraction of

lithium would result in the build-up of inhomogeneous strain and may be considered
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a contributing factor to the measured peak broadening.

In comparison, the peak width of sample z = 0.035, appears to decrease from
‘pristine’ to 'dark’. The contradiction of these two results may be the factor of strain.
Both samples appear to hold a finer RP1 crystallite size from ’'pristine’ to ’dark’,
and both samples display a decrease in the peak intensity. As such the strain on
the crystallites may be less for sample z = 0.035, which may be a consequence of
lower inclusion level of the RP1 phase for x = 0.035 resulting in a smaller number of
crystallites under inhomogeneous strain following the transition to the orthorhombic
configuration. However, a greater quantity of orthorhombic crystallites would be
detectable as is the case with x = 0.07.

As a phase transition would alter the axis parameters (a=b — a#b), a subsequent
alteration in peak position, asymmetry or splitting as well as intensity would be
detected. In order to observe any alterations, the magnified region for the hkl 103
and 110 peaks of ’pristine’ and ’dark’ samples for z = 0.035 where overlaid, red
vertical lines mark the central apex of the "pristine’ hkl 103 and 110 (Figure 4.6).
The peaks appear to show a degree of asymmetry from the ’pristine’ to the ’dark’

sample, which indicate the transition to orthorhombic from tetragonal.

x = 0.035 'Pristine’
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Figure 4.6: Summed XRD-CT diffraction pattern normalised to the main garnet
phase and magnified between 2.1 and 2.5 Q (Afl) region for samples z = 0.035
‘pristine’ and ’dark’. Red vertical lines show the apex and centre of hkl 103 and
110 for 'pristine’ samples. The hkl peaks of the 'dark’ sample exhibit a degree of
asymmetry and peak splitting of the 103 reflection.

XRD-CT provides an intriguing insight into structural changes of the RP1

(LayLiMnOg) secondary phase resulting from galvanostatic cycling with Li-metal.
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Notably, a systematic decrease in the weight fraction was observed between all three
regions of interest from the sintered "pristine’ pellet to the 'dark’ regions. Moreover, a
decrease in crystallite size and change in strain further indicated activity of the RP1
phase under electrochemical cycling conditions. A hypothesis of Li extraction from
LasLiMnOg under dynamic current conditions was proposed. However, confirming
the validity of this theory requires further investigation. Specifically, synthesising
LasLiMnOg and analysing it with Ez Situ or In Situ/Operando techniques would al-
low for a controlled and comprehensive understanding of Li extraction and subsequent

phase change of the RP1 phase.

4.3.2 Finite Element Method Analysis

Finite element method analysis was applied to gain a better understanding of the
electrodynamics within the composite solid electrolyte. The conductivity value of the
RP1 secondary phase was estimated as ca. 7.5 x 107* S cm™!, by extrapolation from
data in range 100 < T (K) < 300 by Battle et al.[198| In contrast the garnet (LLZTO)

L. comparatively,

matrix displays a significantly lower conductivity of 1072 S cm™
resulting in a highly resistive medium. Using the software analysis package COMSOL
Multiphysics,[197] FEM was employed to gain a mechanistic understanding of how
electrical currents within the composite differ from those in a single phase garnet
electrolyte.

The geometry displayed in Figure 4.7 shows an initial 9 x 9 array of cubes
with equal sides of 11 pm, situated within each cube is an individual smaller cube
with equal sides of 10 um. The subsequent configuration displays a simplified
ceramic model of bulk and grain boundaries known as a brick layer model (BLM);
this is often used to aid in the interpretation of EIS results from polycrystalline
electroceramics. The model was first developed over 50 years ago to aid in the
description of experimental findings arising from their electrical properties.|244]
Similar to EIS measurements the BLM has been used in this instance to simplify
the complex solid electrolyte system in order to model the electrodynamics of the
composite.

Experimentally validated bulk electronic conductivity (107 S em™') from Chapter
3 were assigned to bulk components of the model. Grain boundaries were assigned a
conductivity of 1078 S em™! following recent reports on dynamics of grain boundary
conductivity where a narrowing in the LLZO band gap and consequently a reduction
in electronic resistance was observed.[85] Two stationary solvers were applied to
simulate dynamics of the BLM. The first, without the RP1 phase present and the
second, including the RP1 phase. The subsequent data of the two stationary solvers

was combined into one data set for further processing.

Using a current threshold filter it was possible to extricate any elevated change in
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Figure 4.7: A 9 x 9 geometric FEM model representing a brick layer model of solid
electrolyte composite LLZTO with a RP1 inclusion on one of the grain boundaries
nearest the centre of array. Application of a 1 V potential between the top (z = 1)
and bottom (z = 0) faces of the array lead to the current densities indicated by the
colour scale. The RP1 phase is represented as a small disc on the grain boundary
which under the 1 V potential increases the current density by ca. 6 x 1078 pA
pum~2. The sphere however may be seen to hold a region of influence exceeding
the immediate physical space occupied, which is represented by the blue volume
expanding from the disc.
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current density above the results from the RP1 free LLZTO based solid electrolyte
system. Results show that the RP1 phase elevates the current density within the
system, with the core of the RP1 phase resulting in an increase of up to 6 x10~%
pA pm~2 more than the surrounding composite. This increase in current density
affects the charge flow within the whole composite solid electrolyte system. From the
model (Figure 4.7) it is possible to see that the RP1 phase has a zone of influence
that extends beyond the dimensions of the RP1 inclusion. The simulated disc was
calculated to occupy a volume of 0.314 um3, on a total grain boundary volume of
242 pm?, the resultant occupied space was 0.13 % of the grain boundary. Under a
potential of 1 V the sphere of influence, originating from the RP1 phase is visually
seen to extend along the grain boundary. Using volume integration, the area of
influence was calculated as 21.71 pum?, an area of influence that affected 8.97 % of the
grain boundary. Thus, the RP1 phase influenced the electrodynamics of a volume of
garnet that was nearly seventy times larger than the physical volume occupied by
the inclusion.

The model provides an intriguing insight into the electrodynamics of the solid
electrolyte composite. The RP1 phase may be seen to exact an increased area of
influence past its initial physical area of occupation. With a difference in electrical
conductivity the result was expected, however, the simulation provided a numerical
quantification of the extent of influence, highlighting the magnitude of influence.

Furthermore, closer inspection of Figure 4.7a displays the directionality of the
sphere of influence, propagating along the grain boundary, the increase in current
appears to leave the LLZTO grain core unaffected, affirming unperturbed intra-grain
conductivity of RP-LLZTO (¢f. Figure 3.9¢). The direction of influence likely follows
the grain boundary due to the higher electrical conductivity compared to the grain
core and as such the increase of current density is seen along the grain boundary. A
consequence of this mechanism is the increase of grain boundary susceptibility to
electron-Li™ recombination and subsequent crystallisation of Li-metal.

The addition of current density lines (Figure 4.8) further substantiate that
the current path is altered by the RP1 phase; without the presence of the RP1
phase the current is likely to flow down the least electrical resistive channels (i.e.,
grain boundaries) substantially increasing the current density at intersecting grain
boundary triple points.

The extent of the sphere of influence from the RP1 phase, as well as the flow
of current points to a critical level of percolation. Below the percolation level
the secondary phase would provide little effect on the solid electrolyte composite.
However, once the critical level is reached, an extended network of interconnected
spheres of influence would be created. This network would facilitate the conduction
of electrons proliferating the nucleation and propagation of lithium dendrites whilst

reducing the electrochemical performance of the garnet. This is especially seen in
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Figure 4.8: Geometric FEM model of solid electrolyte composite LLZTO with the
RP1 (LasLiMnOg) inclusion. The 9 x 9 brick layer displays red lines that represent
current flow within the system, whilst the volume is indicative of the increased
current density and area of influence of the RP1 (La,LiMnOyg) phase.
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Chapter 3 where the percolation threshold of sample z = 0.105 appears to have
been reached and electrochemical performance decreases. The RP1 secondary phase
increases the regional current density and provides a nucleation point for Li-metal
dendrites.

It therefore seems likely that the redirected current facilitates extraction of
lithium from the B-site octahedra of LayLiMnOQOg, as shown by Equation 4.1. Lithium
extraction from the lattice would consequently lead to a transition from a tetragonal
to an orthorhombic phase. To compensate for the removal of Li™, manganese would
need to undergo oxidation from Mn3* to Mn*t which is visibly displayed by the
‘dark’ patches on the sample (c¢f. Figure 3.11) and indicated by the measured mixed
oxidation state from XPS and XAS in Chapter 3.

The use of FEM further highlights the significant role of the incorporated
LayLiMnOg phase in influencing the electrodynamics of the solid electrolyte compos-
ite. Notably, the presence of the secondary phase inadvertently leads to an increase in
current density beyond its physical vicinity, thereby resulting in a region of enhanced
electronic conduction. Once a level of percolation is reached the secondary phase
detrimentally affects the RP-LLZTO composite.

The combination XRD-CT and FEM modelling has significantly improved the
comprehension of the influence of secondary phases embedded in a LLZTO solid
electrolyte. XRD-CT has effectively revealed crystallographic changes, whilst compu-
tational modelling elucidated the modifications in current density and flow within the
system. The presented work not only enhances the broader scientific understanding
of the role of electrical conducting secondary phases and the impact on dendrite
resistance in polycrystalline LLZTO, but also opens opportunities for characterising

other oxide based solid electrolyte systems.

4.4 Conclusion

Localised characterisation of structural and electrodynamic alterations arising from
the n = 1 Ruddlesden-Popper (RP1) secondary phase LayLiMnOg embedded in a
LLZTO solid electrolyte were conducted via XRD-CT and FEM analysis. Spatial
phase mapping revealed a heterogeneous dispersion of the secondary phase in all the
samples with a proliferating smaller crystallite size from 'pristine’ to ’dark’. Analysed
peak width indicated a reduction in crystallite size, a trend that was consistent with
the spatial mapping. Two phase Rietveld refinements of the summed diffraction
patterns revealed a decrease in weight fraction for the RP1 secondary phase from
the ‘pristine’ to ‘light’, further decreasing for the ‘dark’ samples. Whilst a decrease
in weight fraction was observed the lattice parameters of both the RP1 and LLZTO
phases remained largely invariant. The systematic decrease in peak intensity suggests

a reduction in scattering from the specific atomic planes, which in turn, implies a
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phase change. Closer visual examination of the hkl 103 and 110 reflections of sample
z = 0.035 were carried out. A slight change in asymmetry and splitting between the
‘pristine’ and ’dark’ regions were revealed, indicating a change in peak location, and
alluding to the tetragonal to orthorhombic phase transition.

With an indication that the secondary phase was electrochemically active FEM
modelling was used to gain further insight into localised electrodynamics mechanisms
of the grain boundary located LasLiMnOg. The modelled geometry showed that the
RP1 phase increased current density in an extended sphere of influence significantly,
extending past its initial physical presence along grain boundaries. Notably, the
grain bulks appeared unperturbed indicating the effect to be predominantly a grain
boundary phenomenon. Calculations showed that under a potential of 1 V the region
of influence increased from 0.13 % to 8.97 %, an increase of ca. 69 times. Whilst
the current density observed an increase of up to 6 x10™® A pm—2 more than the
surrounding composite. At exceptionally low levels, the presence of the secondary
phase is unlikely to significantly disturb overall electrodynamics within the solid
electrolyte composite. However, once a percolation threshold is reached the spheres
of influence are likely to overlap creating an interconnected network of regions with
increased current density. Once this threshold has been reached the secondary phase
becomes detrimental to the electrical performance of the solid electrolyte, leading to
decreased ionic conductivity, electrochemical performance and result in the nucleation
and propagation of Li-metal dendrites.

This model provides a fundamental insight into the influence of the secondary
phase on current distribution within the composite under an applied potential.
Notably, it underscores the substantial impact of the secondary phase on the overall
behavior of the composite material, providing an impactful initial assessment of
the electrodynamics within the system. However, enhancements could be made to
improve the efficacy and accuracy of the model. One pivotal area lies in reassessing the
assumptions governing grain boundary conductivity and the extrapolated conductivity
attributed to the secondary phase. Improving the accuracy of these regions with
experimental data would significantly improve the models capabilities and further
align it towards a more representative system. Additionally, incorporating a more
representative grain structure is pivotal to accurately represent the electrodynamic
response, of a complex network of grain boundaries and grain sizes that are observed
in real ceramic samples. Further improvements may be made by incorporating
other variables such as an applied current or investigating mechanisms of Li* ion
diffusion across the composite; thereby offering a more comprehensive insight into
the composite’s behavior. Nonetheless, these results provide an intriguing insight
into the electrodynamics of a two phased solid electrolyte composite.

The exploration of multiphase solid electrolyte composites remains an under

explored area, with limited research conducted so far. Initial efforts in composite
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fabrication involve layering differing LLZO based electrolytes.[209] However, the
fabrication of multiphase composite has not been explored particularly in conjunction
with the use of FEM to investigate changes in electrodynamics. While certain
FEM studies have shed light on current dynamics at the solid electrolyte interface,
these investigations have primarly focused on revealing crucial mechanisms at the
electrolyte/electrode interface, lacking emphasis on microstructure or the inclusion of
a secondary phase.|71] Consequently, there appears to be a gap in research regarding
the understanding of the potential of multicomponent systems especially concerning
lithium conducting solid electrolytes.

In contrast, in the field of dielectric materials has investigated similar concepts,
focusing on ceramic-ceramic dual phase composites to enhance desired properties.
Notably, FEM has been employed to model the grain structure of these dual-phase
composites and analyse the resulting changes in conductivity and permittivity.[245]
Furthermore, there are other instances where FEM was utilised to characterise the
alteration of the electric field across a polymer-ceramic capacitor composite comprising
two phases.[246] These studies in dielectric materials demonstrate the effective
application of FEM in comprehending the electrodynamic behaviors within diverse
composite systems. The use of FEM in modeling the grain structure and analysing
electrodynamic changes offers valuable insights into the complex interactions within
these multiphase materials,

With the use of XRD-CT and FEM modelling, this chapter demonstrates that
the incorporation of a secondary phase readily alters the electrodynamics of a solid
electrolyte, highlighting its potential for electrochemical activity. There may therefore
be a possibility for incorporating various other secondary phases potentially offering
a mechanism for adjusting the performance of solid state electrolyte assemblies. This
would contrast with the common approach of solely adjusting the behavior of a
single-phase electrolyte providing an intriguing alternative.

Exploring the addition of secondary phases could offer diverse possibilities for
modifying the solid electrolyte behaviour. For instance, a secondary phase may
form a passivation layer at the electrode/electrolyte interface, enhancing wettability
or mitigating high localised current densities. Similarly, a secondary phase with
high electrical resistance could potentially mitigate electron recombination at grain
boundaries or homogenise electric fields, reducing high current densities at lithium
filament tips or potential sites of lithium metal nucleation.

Presently, minimal research has been conducted to explore the potential benefits
derived from a composite system, presenting an opportunity for further research.
While this work provides an initial investigation into the impact of an electrochem-
ically active secondary phase on the electrodynamics of a composite system. It
highlights the necessity for a deeper understanding regarding the incorporation and

the potential benefits of secondary phases.
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Chapter 5

Mixed Ionic-Electronic Conducting
(Garnet Electrolyte Bilayer Films for
Lithium Metal Batteries

5.1 Introduction

Targets for volumetric and gravimetric energy densities for lithium-ion batteries in
2030 currently range between 750 - 950 Wh 17! and 320 - 360 Wh kg~! respectively.[19,
20] All solid state batteries (ASSBs) based on the solid electrolyte, garnet-type
Li;LazZrs015 (LLZO) are believed to be able to meet this demand with predicted
volumetric and gravimetric energy densities of ca. 1000 Wh 17! and 320 Wh kg1
respectively.[20] However, to facilitate their use in ASSBs as a replacement for
conventional lithium-ion batteries, significant challenges in both production and cell
integration need to be resolved. One key aspect is thickness of the solid electrolyte
separator; commercial cells require thickness ranging from 20 to 50 pm to achieve these
targets and be competitive with conventional lithium-ion batteries.[247|] However,
current established fabrication techniques rely on pelletisation, which offers an ideal,
convenient, and simplified form for assembling electrochemical cells and evaluating cell
chemistry. Although well suited for laboratory based experiments, these pellets result
in thickness greater than 1 mm and are produced as single batch items that often
require extensive post-sintering modification. The commercialisation of ASSBs with
a LLZO solid electrolyte necessitates a scalable, high volume industrial production
process capable of meeting future demands, a capability currently unattainable
through batched pelletisation. In addition, the intimate integration of electrode
interfaces is imperative to mitigate elevated area specific resistances (ASR) and allow
for fast ion transport to realised fully integrated cells. This challenge is exacerbated by
planar interfaces which lead to elevated current densities, lithium dendrite formation,
electrode delamination, and high ASR.
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To therefore be competitive with conventional lithium-ion batteries, the high-
volume fabrication process must consistently yield high density, thin (<50 pum),
LLZO based solid electrolyte with tailored interfaces that require minimal post
sintering modification. This is not only to reduce cost and timescales of manufacture
but also streamline the fabrication of engineered films with bespoke interfaces. Such
improvements will inevitably lead to increased current densities, enabling the highest
achievable energy densities sought after in ASSBs.[248]

One such technique to meet the stated requirements is ceramic tape casting,
adapted in recent years from the well-established fuel cell community, to enable
LLZO based solid electrolyte films. Successful demonstration of the technique was
presented by Gao et al. with the fabrication of a Ta-doped LLZO film holding a high
relative density (99 %). The requirements for a tailored architecture to allow for
electrode integration was however demonstrated by a trilayer configuration. Featuring
a porous-dense-porous architecture that accommodates a thin, ca. 15 um dense
LLZO based solid electrolyte is supported on either side by a porous LLZO based
solid electrolyte configuration. This engineered architecture provides the advantage
of porous infiltration by Li-metal mitigating low critical current densities (ca. <0.3
mA cm™?) observed in planar LLZO pellets overcoming limitations to achieve stable
Li-metal cycling at 10 mA cm~2.[156] It is currently believed that the increase in
CCD is observed as a result of a ca. 40 times higher contact area compared to
the planar configuration of pellets, effectively reducing localised interfacial current
densities by factor of 40.

These results indicated that for any future commercial success, an architecture
that maximises electrode contact area and reduces the interfacial resistance is required.
Tape casting successfully affords the high throughput manufacturing volumes as
well as the bespoke porous electrolyte architecture required. Moreover, the trilayer
configuration presents a distinctive advantage. Through thermocompression the solid
electrolyte film’s porous architecture may be customisable, opening the possibility
for tailored tape architectures.

One such opportunity may be the further optimisation of electrodes at the porous
interface of LLLZO based solid electrolyte. Incorporating a LLZO solid electrolyte,
with an enhanced electronic conductivity, such as a mixed-ionic electronic conductor
(MIEC) may improve cathode integration. Thereby potentially reducing the necessity
for mixed LLZO cathode composites in full cell configurations.[249] Alternatively,
the application of an MIEC on the anode side may facilitate a continuous electronic
pathway from the current collector to the dense separator layer, decreasing the
occurrence of localised regions of high current (hot spots) that result in dendrite
formation. The potential of such a configuration has been demonstrated by ex-
amples using cubic LLZO with a 3D-MIEC framework, incorporating a coating of

carbon nanotubes and achieving a low interfacial resistance and increased CCD.[250]
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Further studies utilising single phase LLZO based MIECs in the porous-dense-
porous(MIEC-LLZO|LLZO|MIEC-LLZO) architecture achieved a current density
of 60 mA cm™2.[162] To therefore advance the capabilities of LLZO based solid
electrolyte in ASSBs, custom architectures will need to be designed and engineered.

The objective of this chapter is to demonstrate the fabrication of a porous-dense
solid electrolyte bilayer. Porous and dense regions are based on cubic LLZO with
the porous side exhibiting MIEC properties. Cubic garnet Lig4lasZr; 4TaggO12
(LLZTO) was chosen as the anode side due to its compatibility and stability with
Li-metal. Whilst the opposing side, Lig FeqolagZroO1s (Fe-LLZO) was identified
as a potential candidate for MIEC. Unfortunately, initial investigations revealed
significant interfacial resistance with Li-metal, the instability indicates Fe-LLZO as
unsuitable for use on the anode side.[145] However, upon further examination the
authors report a darkening mechanism upon contact with Li-metal. This mechanism
appeared to be similar to what was observed in the manganese bearing LLZTO
discussed in previous chapters. The authors hypothesised a partial reduction of
Fe3t to Fe?* resulting in a MIEC garnet. As such, Fe-LLZO was selected to be
integrated into a bilayer (Fe-LLZO/Ta-LLZO) garnet architecture which would allow
for a Li-metal anode on the Ta-LLZO side and the integration of a cathode on the
Fe-LLZO side.

5.2 Experimental

Synthesis of target compound Lig 4LazZry_,Ta,O12 (z = 0.6) (LLZTO) was conducted
using reagents, Li;COj3 (Aldrich, 99 % min), LayO3 (Aldrich, 99 % min), TayO5
(Aldrich, 99 % min) and ZrO, (Aldrich, 99 % min). A 10 wt% excess of LiaCO3 was
added to compensate for lithium volatilisation at high temperatures. Powders were
milled in a Retsch Mixer Mill MM500 Nano at 7 Hz for 20 hours in 4 segments with
5 min rest in between. Mixed powders were calcined at 900 °C and 950 °C for 12
hours with a ramp rate of 5 °C min~!, hand grinding followed each calcination step.
Further particle reduction steps were carried out at 7 Hz and 25 Hz for 20 hours in 4
segments with 5 min rest in between. Particle size characterisation was carried out
using a Panalytical Mastersizer 3000 in a wet dispersion; a refractive index of 1.4
was assigned to LLZTO powder.[251]

The second target compound Li;_3,Fe,LaszZr,Oq5 (z = 0.2) (Fe-LLZO) was
synthesised using the reagents Li;COj3 (Aldrich, 99 % min), LayO3 (Aldrich, 99
% min), Fe,O3 (Alfa Aesar, 99.995 % min) and ZrO, (Aldrich, 99 % min). A 15
wt% excess of Li;CO3 was added to compensate for lithium volatilisation at high
temperatures. Powders were milled in a Retsch Mixer Mill MM500 Nano at 7 Hz for
20 hours in 4 segments with 5 min rest in between. Mixed powders were calcined at
950 °C for 24 hours followed by 1000 °C for 20 hours with a ramp rate of 5 °C min~!,
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hand grinding followed each calcination step. Further particle reduction steps were

carried out at 25 Hz for 20 hours in 4 segments with 5 min rest in between.

Powder X-ray diffraction (PXRD) was conducted using a benchtop Miniflex
Rigaku diffractometer, as described in in Chapter 3. Initial Rietveld refinement
models were calculated using CIF files from the Inorganic Crystal Structure Database
(ICSD) for LLZTO (ICSD 894) garnet phase, Fe-LLZO (ICSD 431393), LizLagZryO19
(ICSD 246817), LigLajgFes039 (ICSD 247328), LayZroO7 (ICSD 26853), and LiyZrOs
(ICSD 94893). A 9th order shifted-Chebyschev function was used to fit the background
and a pseudo-Voigt function to fit the diffraction peaks.

The synthesised powders were rotationally milled on a Glen Creston Tumbler
ball mill with an addition of 2.5 wt% of dispersant ‘Hypermer KD1’ (CRODA Smart
Materials). The milling time was 20 hours in 45 ml of isopropanol, with 20 individual
? 10 mm x 10 mm milling cylinders of yttria stabilized zirconia (Y-TZP) in a 125
ml HDPE (High-density polyethylene) bottle. Following milling, the mixtures were
centrifuged using a Centrifuge Rotina 380 from Hettich at 8000 rpm for 2 min. The
subsequent supernatant was discarded, and the powders were dried at 60 °C for 2

hours in air.

For the slurry formation, LLZTO+KD1 (42.1 wt%), polyvinyl butyral (PVB 9.7
wt%) benzyl butyl phthalate (BBP 5.3 wt%) and a 50/50 mixture (41.8 wt%) of
ethanol and methyl ethyl ketone (MEK) were added and sheer mixed in a THINKY
ARE-250 (Intertronics) for 5 min at 2000 rpm followed by a degas step of 2200 rpm
for 45 sec. Individual sintering aids (relative to the weight of LLZTO-+KD1), Li;O
(Sigma Aldrich, 97 % (6 wt%)), LiCl (Alfa Aesar, 98 % (6 wt%)), LisPO, (Alfa Aesar,
99.98 % (1 wt.%)) and commercially available Asahi glass (AVX, 1 wt%) were added
to the previous step. Subsequent slurries were cast at 200 um onto a commercially

L and

available polyethylene terephthalate (PET) release film (Mylar) at 10 mm sec™
dried in air for 24 hours at room temperature. Tapes were laminated for 15 min at
60 °C with a pressure of 500 kg. The laminated tapes were punched into 18 mm
discs, covered in mother powder, and sintered between two Al,O3 substrates. A two
stage heating regime was employed; discs were initially heated to 600°C for 2 hours

at 1 °C min~? followed by 1050 °C for 1 hour at 3 °C min™?.
SEM and EDX data were collected on a FEI Inspect F50 high resolution micro-

Table 5.1: Summary of LLZTO and Fe-LLZO slurry formulation constituents.

Ingredient Details Supplier Weight percentage
Solid Electrolyte LLZTO Laboratory Synthesised 42.08 %
Solvent MEK/Ethanol 50 % (v/v) | SLS / Sigma-Aldrich 41.80 %
Dispersant Hypermer KD1 Croda 1.08 %
Plasticiser Benzyl butyl phthalate Sigma-Aldrich 5.34 %
Binder Polyvinyl butyral Sigma-Aldrich 9.70 %
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Figure 5.1: Thermal heating regime for sintering LLZO based solid electrolyte tapes.

scope equipped with an Oxford Instruments X-Max 80 mm? SDD detector at 10 kV
with a working distance of ca. 10 mm and spot size of 3-4 nm. Samples were coated

in a layer of Au using an Agar Automatic Sputter Coater.

5.3 Results and Discussion

15 g of the target compound LLZTO was synthesised by solid state reaction. The
resultant PXRD data was analysed using the Rietveld refinement method with
the computational fit and Bragg reflections displayed in Figure 5.2. The analysis
confirmed the synthesis of phase pure cubic garnet Ia3d. The refined lattice param-
eters of 12.9372(3) A are in good agreement with previous studies for the target
composition.[123|

The ability to batch synthesise 15 g of LLZTO via ball milling whilst attaining a
high phase purity facilitated the subsequent tape casting trials which required large
amounts of solid electrolyte powder. Moreover, the phase purity of the synthesised
LLZTO allowed for the powder utilisation as reference material in investigations
presented in Chapter 3 and 4.

However, attaining a fully phase pure sample is challenging and becomes increas-
ingly difficult as quantity is increased. To therefore produce large scale synthesis
options numbering in the kg or even tonnage will require the use of specialist in-
dustrial equipment as well as moving away from the batch process to a continuous

process to achieve high throughput yields.
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Figure 5.2: Calculated Rietveld refinement fit and PXRD of Lig4lazZry 4TaggO12
after 950 °C calcination. Bragg reflections of the cubic target phase are shown below.

The fit is in good agreement with the collected data having an R, = 8.15 % and x?
= 7.18.

5.3.1 Particle Size Analysis

To facilitate formation into a high density ceramic substrate, the average particle
size should be reduced to ca. 1 pum.[252] However, exceedingly small particle sizes
may lead to production defects such as gelling.[167] As such careful characterisation
of the particle size needs to be conducted. The initial size of, LLZTO particles was
determined by SEM. Micrographs (cf. Figure 5.3) displayed agglomerated and non-
uniform particle sizes between ca. 10 to 50 pm and so additional particle reduction
was conducted prior to further processing.

These powders were ground using a Retsch Mixer Mill MM 500 Nano at frequencies
of 7 Hz and 25 Hz. The frequencies were selected to examine the role of grinding
energy in the particle size reduction process. The visual analysis of particle size using
SEM only provides for a qualitative assessment, increased accuracy and quantitative
analysis of particle sizes following the different reduction regimes was therefore
provided by laser diffraction analysis (LDA). LDA of the hand-ground, ’as synthesised’
garnet corroborate the estimated particle size from collected SEM micrographs.

Results in Figure 5.4a display a Gaussian response with particle distributions,
Dqg, Dsop and Dgy measured as 9.4 pm, 13.5 pym and 37.6 pum respectively. Results
from 7 Hz milling frequency (Figure 5.4b) however displayed a bimodal distribution,
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Figure 5.3: SEM micrographs of 'as synthesised’ Lig4liaszZry 4TaggO12 particles
following 950°C synthesis. The particle size appears to lie in the range of 10-50 pm.

indicating a mixture of larger and smaller particles. The D5 is noted to decrease to
5.5 pm indicating a reduction of 62.92 % in the average particle size. Furthermore,
the calculated span of 3.18 indicates a larger level of variation in the granulation
compared to the ’as synthesised’ particles which held a span of 2.09. Particle
distribution results from 7 Hz milling thereby confirm the requirement for higher
milling energy in the reduction of particles. However, with a measured Dy, of 5.5 um,
the particle size was still too large for successful tape casting trials, the frequency
was therefore increased to 25 Hz. Subsequent LDA results at 25 Hz are shown in
Figure 5.4c, similar to 7 Hz they exhibit a bimodal distribution. The uniformity of
granulation is however increased with a recorded span of 2.34, whilst the D5q was
decreased by 78.18 % to 1.2 um, resulting in ideal average particle size for high-density
substrates. Of further advantage is the bimodal distribution; indicative of a split
between submicron particles and larger 1.2 to 3.3 um particles. The distribution may
further aid sintering due to smaller particles filling into voids generated by larger

particles. A summary of the particle size analysis is displayed in Table 5.2.
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Figure 5.4: Particle distribution graphs for Lig4LasZr; 4 Tag¢O12. (a) The particle
distribution of ’as synthesised” LLZTO displayed a Gaussian distribution with a
calculated Dsg of 13.5 pm. Particle reduction using the Retsch MM500 at 7 Hz yielded
a bimodal distribution with a particle D5y of 5.5 um. (c) Particle size following ball
milling at 25 Hz displayed a bimodal distribution with a Dsy of 1.2 pm.

Table 5.2: Summary of particle size analysis for the 'as synthesised’, 7 Hz and 25 Hz
samples. Dig, Ds5g, Dgg and the Span are displayed. The results indicate that the
high energy milling reduces the particle size of LLZTO particles.

Composition Do Dso Dgg Span
As synthesised | 9.4 pym | 13.5 yum | 37.6 um | 2.09
7 Hz 23 pm | 5.5 pm | 19.8 um | 3.18

25 Hz 049 pm | 1.2 ym | 3.3 pm | 2.34

5.3.2 Single Film Processing of Lig LazZr, 4/ Ta;s012

Preparation of the ceramic slurry system followed milling. A critical aspect of the
slurry system is ensuring uniformity in particle dispersion. A deflocculant may be
used to mitigate aggregation and ensure particle dispersion, this was achieved by
rotational mixing the prepared solid electrolyte powder with cationic polymeric
dispersant ‘Hypermer KD1’, this ensured a homogeneous coating of the polymeric
additive across all ceramic particles. The efficacy of Hypermer KD1 is such that it

has been used in the processing of solid oxide fuel cell electrolytes and was therefore
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chosen for use in this thesis.[253] However, a range of alternatives are available,
including, popular oil based dispersants such as the commonly used menhaden fish
oil.[254]

——1.2um LLZTO (MP)
——1.2um LLZTO (No MP)
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Figure 5.5: PXRD patterns of Lig4LasZr; 4 TaggO12 (LLZTO). The ’as synthesised’
(black) pattern displays phase pure cubic LLZTO prior to further processing. The
addition of the dispersant, Hypermer KD1 (red) displayed a small degree peak
broadening of the cubic LLZTO pattern which is attributed to the addition of the
polymeric coating on LLZTO particles. Sintering of the LLZTO green tape with
1.2 pm particles without mother powder (blue) resulted in decomposition of the
phase. The addition of mother powder during sintering (green) however resulted in
the retention of the cubic LLZTO phase with small quantities of ZrOy and LayZr,O~
impurities indicated by o and * respectively.

The conductivity of the doped LLZO is linked to cubic phase purity, as such,
if reactive sintering of the tapes is not being utilised it is imperative to retain the
required phase throughout all of the processing steps. The solid electrolyte was
therefore characterised via PXRD following the mixing with Hypermer KD1, Figure
5.5 (red trace) shows that the desired cubic (Ia3d) structure with no side phases.
Peak broadening is however observed and is attributed to the amorphous nature of
the polymer coating on the garnet crystallites.

Simultaneously, whilst the solid electrolyte powder was milled with the defloccu-
lant, a 50/50 mixture of MEK and ethanol was prepared and the required amount of
PVB was added during agitation to allow for full dispersion. Addition of PVB to

the 50/50, MEK and ethanol mix allowed for complete homogeneous dispersion of
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the PVB binder, inclusion of the binder in dry form would not allow for complete
dispersal within the solid electrolyte powder, leading to a raised, rough texture that
resulted in streaking and a brittle nature of the green tape, indicating poor dispersion
of the polymeric binder (see Appendix B and Figure B.2 for unsuccessful tape casting
runs).

The prepared LLZTO-+KD1 solid electrolyte powder was weighed out and added
to the solvent/PVB mix along with Benzyl butyl phthalate (BBP). BBP acts as a
plasticiser to reduce the gel formation temperature to room temperature or lower.
Cast tapes with gelled liquids dry at a slower rate, this is due to the restriction of
solvent flowing to the surface during drying, as such embedded solvents may only
leave the green tape via diffusion, the advantage of this mechanisms is that the binder
(PVB) does not migrate to the surfaces thereby retaining a homogeneous matrix
of polymer binder. Additionally, the plasticiser enables the flexibility of the tape,
increasing handleability. Optimum binder /plasticiser concentration must however be
found, because while an increase in plasticiser concentration leads to flexibility, the
interparticle distances and green tape density decreases. As a result, void formation
occurs during sintered of tapes resulting in highly porous structures.[171]

The processed slurry held a solid loading content of 42.08 wt% and a total organic
content of 16.12 wt% and was tape cast to a thickness of 200 um with a shear rate
of 50 s7!. Figure 5.6 shows the dried green film following casting with a thickness
of ca. 100 pm and a dry solid loading of 72.30 %. The surface of the tape is
observed to hold a smooth, streak free surface, indicating full and homogeneous
dispersion of all particulates, demonstrating successful mixing during the applied
processing steps. Cross-sectional SEM (Figure 5.7) of a cut green tape reveals a dense
microstructure with tightly bonded particles, the formed coherent structure displaying
desired microstructural homogeneity, further indicating successful dispersal of all
constituent elements. The results demonstrate that the binder/plasticiser ratios and
solid loading appear to be of appropriate concentrations. Post drying, the green tape
(Figure 5.6) exhibited excellent flexibility whilst still bound to the Mylar substrate,
demonstrating the required flexibility provided by the polymer binder. This was
further corroborated with the removal of the green tape from the Mylar release film,
the mechanical strength, flexibility, and malleability enabled ready manipulation of
the film for further processing.

Thermocompression, also known as lamination, is a technique that is employed
to increase the density and or thickness of a green tape. Furthermore, it enables
the binding of different green tapes for multilayer structures such as the targeted
LLZTO/Fe-LLZO bilayer configuration. To ensure the process as viable, the initial
LLZTO solid electrolyte green tape was laminated and subsequently cut into a desired
shape of 18 mm diameter discs with a thickness of ca. 150 ym. Cut discs (Figure

5.8) were observed to have retained the desired shape and consistency, indicating
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(c) (d)

Figure 5.6: (a) Green tape Lig4LasZr 4Tag¢O12 following casting at 200 pm dried
to 100 pum in thickness, the surface is a homogeneous, smooth consistency with no
processing defects visible. (b) Demonstration of high flexibility and malleability of
the green tape following casting which is required for further processing and indicated
a correct polymer - plasticiser ratio. (c) Flexibility of punched 18 mm diameter green
tape discs, the tape is still attached to the Mylar supportive substrate. (d) Peeling
and release of green tape from Mylar release film qualitatively shows a degree of
mechanical strength and flexibility.

143



CHAPTER 5. MIXED IONIC-ELECTRONIC CONDUCTING GARNET
ELECTROLYTE BILAYER FILMS FOR LITHIUM METAL BATTERIES

Figure 5.7: Cross sectional SEM micrographs of green tape Lig4LagZr; 4/TaggO12 at
varying magnifications. The cross sectional fracture surface displays a well dispersed
polymer network, indicating complete and homogeneous covering of LLZO particles.
The thickness of the green tape is seen to be a uniform ca. 100um.

good thermocompression and mechanical properties of the green tape, evidencing
the feasibility for multilayer structures.

Successful sintering of green tapes requires the control of thermal parameters to
ensure regulated binder and organics burnout. Failure to do so would result in rapid
gas volatilisation and volume expansion leading to excessive porosity, anisotropic
shrinkage, delamination, cracking, or bubbles within the tape.[170]

To identify the organics burnout region and establish an appropriate sintering
regime TGA analysis was conducted on the green tape (Figure 5.9). Results show a
36 % weight loss of the green tape, with the PVB and remaining organics completing
combustion at 650 °C, which are in good agreement with the literature.|[255] The
remaining change in weight above 700 °C is attributed to lithium oxide volatilisation
from the garnet. It is however noted that a 5 % weight loss resulting solely from
lithium oxide is excessive and as such the observed loss may be a result from a
contribution of Li;COj3. A heating regime (Figure 5.1) of 600 °C for 2 hours with a
ramp rate of 1 °C min~! was selected to ensure gradual but complete combustion
of the constituent organics. The gradual ramp rate ensures the suppression of

rapid vapour build up to minimise tape defects, whilst an extended hold at 600 °C
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Figure 5.8: Dried Lig4lasZry 4TagO12 green tape punched into a disc of 18 mm
diameter. The surface shows a good dispersion with a homogeneous, streak free

surface.
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Figure 5.9: TGA analysis of Lig4LagZr; 4TaggO12 green tape. Initial heating to

650 °C saw a weight loss of 36 % following PVB and organics burnout. Subsequent

heating revealed a 5 % weight loss which is attributed to the volatilisation of lithium
oxide.
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ensures no organic residue that may hinder electrochemical performance of the solid
electrolyte. The temperature was subsequently raised to 1050 °C at 3 °C min~! and
held for 1 hour to complete ceramic densification, whilst cooling was conducted at 5
°C min~! to room temperature to minimise warping.

Initial sintering trials of the LLZTO electrolyte were conducted on a single AlyO3
plate. This however, led to warping (Figure 5.10) which is a likely consequence of
anisotropic shrinkage arising from uneven organic burnout. An additional Al;O3
plate was therefore placed on the top in subsequent sintering treatments. Further-
more, visual inspection revealed rough bumps on the surface of the disc, indicating
displacement of LLZTO particles and widespread pore formation as a result of rapid

lithium vaporisation during the sintering stage.

Figure 5.10: Sintering on top of Al,O3 plate without mother powder resulted in
warping and a rough surface finish.

PXRD data collected from the resultant material (Figure 5.5, blue trace) indicate
complete decomposition of the cubic garnet phase. The excessive lithium volatilisation
at high temperature results in catastrophic lithium loss from the LLZTO lattice
leading to decomposition. The mechanisms of lithium volatilisation following binder
burnout are alluded to in the TGA analysis (Figure 5.9), where a weight loss of 5
wt% in the LLZTO solid electrolyte was observed.

To counteract this deleterious effect, the discs were embedded in loose LLZTO
powder (Figure 5.11a); referred from here on as mother powder (MP). The MP acted
as a lithium source during sintering as well as providing a localised lithium rich
atmosphere which prevented decomposition of the cubic garnet phase, the subsequent
PXRD plot (Figure 5.5, green) shows the retention of the main cubic garnet phase
albeit with a small amount of LayZr,O; pyrochlore and ZrO, impurities. The use
of MP during sintering was therefore required in the retention of single phase cubic
LLZTO. Additionally, the MP acts as a barrier between the LLZTO discs and the
Al,O5 substrates, this effectively reduced any undesirable aluminium reactions with
Ta-doped LLZO that occur at high temperature.[127, 256] Post-sintering visual

inspection of the discs revealed little to no warping, indicating the requirement for a
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(c)

Figure 5.11: (a) To prevent lithium volatilisation and phase loss, the sintering
LLZTO discs with Li;O as sintering aid were enveloped in a covering of mother
powder before being placed between two large Al,O3 plates. (b) The sintered LLZTO
disc displayed only a small degree of warping on the edges and good mechanical
strength for handling was displayed. (c) A slight rough, powdery surface on the discs
was due to residue from the LLZTO mother powder.

top and bottom Al,Oj3 plate.

5.3.3 Density Improvement using Sintering Aids

Having established the need for MP in the retention of the main garnet phase, the
next crucial aspect of tape fabrication was attaining a high relative tape density
(> 98 %). Characterisation of the relative density was conducted with the use of
SEM and geometrical calculations. The SEM micrographs (Figure 5.12) revealed a
highly porous structure, the particles appear not to have fused, and the subsequent

relative density was estimated at 43 %. The challenge of sintering LLZO based
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Figure 5.12: Cross sectional SEM micrograph of sintered Lig4LasZr; 4Tag 012 tape
displaying an intergranular fracture mode. Mother powder was used to prevent the
loss of lithium and retain the desired phase during the sintering process. The fracture
surface of the tape however reveals a high porosity, the relative density was estimated
at ca. 45 %.

solid electrolytes is well recognised and is often experimentally overcome using spark
plasma sintering, hot-press sintering [130] or similar high pressure, high temperature,
rapid sintering technologies. These technologies are however unsuited for large scale
adoption due to substantial equipment space requirements, high cost and low batch
output. Furthermore, the techniques are incompatible with tape casting and are
often only able to produce single, thick (> 3 mm) pellets. Traditionally, in ceramic
sintering, temperatures and sintering times may be raised to increase the density.
However, as shown, high rates of lithium volatilisation occur at elevated temperature
and time, leading to decomposition of the cubic phase, making simple temperature
and time increases challenging. As such, several studies have been solely dedicated
to the investigation of cubic LLZO densification. Within these, several mechanisms
have been explored to increase the density during pressureless sintering, including the
strategies of co-doping,[257| changing the sintering atmosphere,[258] or decreasing
the particle size.[252] These strategies are however unsuitable for the densification
of LLZO based solid electrolyte tapes, co-doping would affect the electrochemical

properties of the full system and require thorough investigation prior to processing to
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ascertain how co-doping affected the electrochemical properties. A further decrease
in particle size to the nanometre scale would result in slurry processing problems
such as gelling, hindering successful casting of the solid electrolyte tapes. A change
in sintering atmosphere would deviate from the simplest, in air sintering approach of
the process, requiring extensive and expensive optimisation of atmospheric conditions
within the furnace. It is however noted that the use of a covering MP is likely
resulting in a localised, lithium rich atmosphere and has been previously shown to
increase the density of LLZTO pellets.[259]

A further approach is the use of sintering aids; the addition of sintering aid
during the processing would allow for minimal change in processing conditions whilst
improving the density of the ceramic tape. Four lithium bearing sintering aids were
selected to investigate improvements in the tape relative density. LiCl, LizPOy,
Li,O, and the use of lithiated silica Asahi glass were chosen. All compounds have
previously been shown to increase the density of LLZO based solid electrolytes.[153,
260-264] Moreover, the compounds provide a further lithium source to suppress
lithium volatilisation and therefore the decomposition of the main cubic phase.

Due to the success of lithium containing glass systems such as Lis-B503-SiO5
[264] and Lip-SiO,,[263] as sintering additives commercially available Asahi glass
from AVX (Liy-BaO-CaO-SrO-SiO;) was selected. SEM micrographs in Figure 5.13
display a denser microstructure compared to sintering with just a covering of MP
(¢f. Figure 5.12) however, a degree of porosity is still observed. EDX analysis
revealed the expected presence of Si at 5.7 at. % within the scan region. The
regions associated with the Si signal hold a smooth, glassy appearance and appear to
have agglomerated within the structure rather than forming a distributed connected
network along the grain boundaries, strongly indicating inhomogeneous distribution
of the sintering aid in the green tape. PXRD analysis of the sintered tape (Figure
5.17, blue trace) revealed the presence of several impurities related to the sintering
additive, these included: LayCaO, BaLagOy, SrgTasOqq, tetragonal Li;LasZr,O; and
the pyrochlore LayZro0O7. Whilst previous success has been found with the use of
glasses in improving the density of LLZO based solid electrolytes, the results here,
appear to have only marginally improved the densification of the LLZTO tapes.
The relative density was estimated at 65 %, far from the required target of > 98 %
relative density and is as such not adequate.

The utilisation of LiCl as a sintering aid has previously been shown to increase
the density of LLZTO pellets due to a liquid phase sintering mechanism.[260] Post
sintering SEM micrographs in Figure 5.14 however show a negligible improvement in
density in comparison to no sintering aid. A high degree of porosity is still observed
with only few particles displaying a degree of fusing. It is however not possible to
accredit the fusing as a function of the liquid phase sintering additive LiCl, or to the

natural diffusion mechanism of sintering at 1050 °C. The subsequent relative density
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Figure 5.13: SEM micrographs (a)-(b) and EDX maps of (c) La, (d) Si, (e) Zr and
(f) Ta of sintered Lig4LasZr 4TageO12 tape with Li-Si based (AVX) sintering aid.
(a) The Cross sectional SEM of the sintered tape displays an intergranular fracture
mechanism with visible porosity in the structure, the relative density was estimated
as 65 %. (b) Arrows indicate the visible presence of agglomerated Li-Si sintering aid
within the tape microstructure and was further confirmed by EDX (d) displaying
the Si signal where a relative 5.7 at. % Si was measured.
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(¢) (f)

Figure 5.14: SEM micrographs (a)-(b) and EDX maps of (¢) Cl, (d) La, (e) Ta
and (f) Zr of sintered Lig4LagZr; 4Tag 012 tape with LiCl sintering aid. (a) The
Cross sectional SEM displays an intergranular fracture mechanism of the sintered
tape with a maintained uniform thickness. High porosity is visible in the structure
resulting in an estimated relative density of 58 %. (b) The magnified region shows
a low amount of particle fusing, red circles however highlight regions where partial
fusing was observed. EDX mapping of the Cl signal (c) revealed background noise
indicating no measurable Cl residue within the structure.

151



CHAPTER 5. MIXED IONIC-ELECTRONIC CONDUCTING GARNET
ELECTROLYTE BILAYER FILMS FOR LITHIUM METAL BATTERIES

(e)

Figure 5.15: SEM micrographs (a) and EDX maps (b)-(e) of sintered garnet
Lig 4LasZry 4 Tag 012 tape with LisPO, sintering aid. (a) The Cross sectional SEM
displays an intergranular fracture mechanism of the sintered tape with a large amount
of visible porosity. The relative density was estimated at 53 %. (b)-(e) EDX maps of
(b) La, (c) Zr, (d) Ta and (e) P, the P signal displays a low level concentration level
synonymous with background noise.
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was estimated as 58 %. EDX mapping of the tape exhibited no measurable trace of
Cl remaining within the sample, which was further corroborated by collected atomic
percentage indicating 0 % CI remaining. The melting temperature of LiCl is ca.
600 °C,[265| full sintering at 1050 °C would therefore result in complete combustion
of the sintering aid. Post sintering PXRD (Figure 5.17, red trace) revealed very
minor inclusions of secondary phases, LasZroO7, TasOs and LazTaO;. There is a
notable decrease in the number of impurity phases formed in comparison to the use
of lithiated silica.

Li3PO,4 melts at the grain boundary in a similar manner to LiCl and thus may
improve Li ion conductivity and the relative density.[261] With a melting point
of ca. 837 °C,[266] the liquid phase sintering would enhance densification of the
microstructure. EDX characterisation following sintering (Figure 5.15) displayed a
small amount of phosphorus inclusion, quantification from the mapping was however
unsuccessful at presenting an accurate atomic percentage. This is due to the EDX
energy of phosphorus (2.037 KeV) being similar to gold (2.120 KeV); having coated the
samples in gold for SEM /EDX imagining, collection of the atomic percentage was not
possible. One possible way to overcome this issue is to use an alternative conductive
coating such as carbon (0.277 KeV). Visual inspection of the SEM micrographs
reveals a low sample density with large voids and unfused particles. The estimated
relative density of the sample was 53 %, far below the density requirement for LLZO
based solid electrolyte films. PXRD characterisation (Figure 5.17, green) indicated
the presence of minor side phases, ZrO, and TayO5;. Comparatively to LiCl and
AVX glass sintering aids, LisPO, displayed a reduced quantity of secondary phases
present. Furthermore, the overall cubic LLZTO phase is successfully maintained.

The final sintering aid investigated was Li;O, previous studies found that the
inclusion of 6 wt% increased the density by 5.8 % and has previously been used in
the fabrication of 99 % dense LLZTO tapes.[153, 262] SEM micrographs in Figure
5.16 appear to show an increased density in the microstructure comparatively to the
other samples. Whilst the magnified images reveal porosity the particles appear to
be more fused to a greater extent than the previous samples, thereby resulting in a
lower level of observed porosity. The relative density measurement of the sample was
estimated ca. 88 %, a notable improvement upon the other samples. The density is
still below the target level for a functional solid electrolyte membrane in an ASSB.
The structure was however more mechanically robust and able to be handled with
tweezers and supported its own weight (Figure 5.11). The discs exhibited minimal
warping, furthermore, the observed powdery texture on the surface was a result of
the covering MP and was able to be brushed off. EDX imaging of the sample was not
undertaken as no detectable secondary phases from the sintering aid were predicted.
PXRD characterisation (Figure 5.17, purple) revealed the successful retention of

the main cubic garnet phase with a negligible amount of secondary ZrO, impurity
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Figure 5.16: SEM micrographs display the fracture surface of the sintered garnet
Lig4LagZr; 4 Tag 015 tape using LisO as a sintering aid. The fracture surface is of
an intergranular nature. LLZTO particles are seen to have fused together increasing
the relative density of the tape, which was estimated at 83 %. A uniform thickness
of ca. 90 pm has been maintained during sintering.

present. It is probable that similar to the use of MP, that Li;O amplifies the localised
lithium rich atmosphere, thereby aiding in the retention of lithium within the crystal
lattice of the cubic garnet phase, simultaneously providing a liquid phase sintering
effect to the tape. The use of LiyO sintering aid appears to be the best choice for
the tape casting process.

Overall results indicated that the use of sintering aids may improve the density
of LLZTO tapes. Whilst the final relative densities of the sintered tapes were
insufficient to reach the target of > 98 %, they do indicate promising results that
with a systematic variation in weight percentage an optimum level for high density
may be found. It is however noted that only varying the inclusion level of sintering
aid is unlikely to yield the required density alone and an increase in temperature
and time should similarly need to be investigated. This will however require further
extensive phase and microstructure characterisation. The use of Li;O resulted in a
relative density of ca. 88 % following sintering, consequently, the solid electrolyte
held insufficient mechanical strength to electrochemically test or integrate into a

device. However, the decision was taken to proceed with the fabrication of the
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Figure 5.17: Post sintering powder X-ray diffraction patterns of LLZTO and LLZTO
with sintering aids, LiCl, LizPOy, Li-Si glass (AVX) and Li;O. The LiCl bearing
LLZTO pattern (red) displayed the impurities: TayO; (%), LazTaO; (V¥), and
pyrochlore LayZr,O7 (%%). The Li-Si (AVX) bearing LLZTO pattern (blue) held
impurities which included: LayCaO (V), pyrochlore LasZr,O7 (%), BaLayO4 (<),
SrgTasOy; (»), and LizLasZroO; (A). LLZTO phase with LisPOy4 (green) held the
impurities: pyrochlore LasZr,O7 (%) and ZrO, (o). The use of Li,O displayed the
lowest number of impurities in LLZTO with a negligible amount of ZrO, (o) present.

Fe-LLZO/LLZTO garnet bilayer to demonstrate the feasibility of combining two
differing LLZO based solid electrolyte garnets in a bilayer tape.

5.3.4 Synthesis of Li6'4Fe0.2La3Zr2012

The iron doped LLZO phase, Lig 4Feq2LaszZroOq5 (Fe-LLZO) was synthesised via solid
state reaction. Fe-LLZO was selected due to its potential MIEC behaviour as a result
of suspected Fe?" to Fe*™ reduction.|145] Initial synthesis attempts following the same
route as LLZTO however proved unsuccessful and required increased temperature
and time to reach the target phase.

Figure 5.18 shows the diffraction results of subsequent syntheses attempts. Each
pattern (excluding LLZTO) follows the previous temperature and times, from 900 °C
to 1000 °C. As such, the same Fe-LLZO sample was submitted to a total calcination
time of 52 hours to achieve incorporation of Fe?* to stabilise LLZO in the conduc-
tive cubic phase. Figure 5.19 shows the diffraction pattern of the final synthesised
Fe-LLZO garnet. Several extra Bragg reflections were visible, clearly indicating that
a phase pure sample of Fe-LLZO was not attained. A search of crystallographic
databases revealed that the impurity phases included: LigLa;gFe5039, LizLagZro042,
LasZrs07, and LisZrOgs. Tetragonal LizLasZroOqs, LagZroO7 pyrochlore, and LisZrOs
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Figure 5.18: Powder X-ray diffraction patterns of Lig4FegolagZroO5 following
consecutive thermal heat treatments for synthesis. LLZTO (black) is included as
a reference cubic phase. Fe-LLZO required extensive thermal energy and time to

incorporate Fe into the LLZO lattice to stabilise the cubic phase and minimise
impurities.

are all well known impurities in the synthesis of LLZO, whilst cubic LigLaigsFe5Osq
is a previously unreported impurity phase observed in the formation of Fe-LLZO.
The constituent weight fractions of the impurities are tabulated in Table 5.3. For
ease of comprehension a diffraction plot of Fe-LLZO with the contained impurities
alongside LLZTO as a reference standard are presented in Figure B.1. The effect that
a secondary phase can have on a solid electrolyte composite has been discussed in
the previous two chapters, as such it is without a doubt that these secondary phases
may alter the electrochemical properties of the solid electrolyte. Several techniques
including EIS, DC polarisation CV and galvanostatic cycling would therefore be
required to characterise the electrochemical dynamics of the system. Rietveld refine-
ment fits were calculated for the collected diffraction data employing a multiphase
refinement using the cubic garnet and the impurity phases. Atomic coordinates
were fixed whilst the lattice parameters were free to refine. The subsequent pattern
is displayed in Figure 5.19 with the refined lattice parameters and weight fraction
percentages in Table 5.3. The refinement indicates that the desired, acentric cubic
phase 143d was attained; the lattice parameters of 12.9703(1) A are within range for
Fe3" stabilised LLZO, as reported in literature.|[267]
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Figure 5.19: Calculated Rietveld refinement for powder X-ray diffraction of gar-
net Lig4FegolagZroOq. Bragg reflections of cubic Fe-LLZO and Li;LazZrsOqs,
LigLaigFe503g, LagZro0O7, LisZrO3 impurity phases are shown below. The fit is in
good agreement with the collected data having an R,, = 7.13 % and x? = 6.15.

Table 5.3: Tabulated Rietveld refinement details of Lig4FeqoLagZroO15. The space
group, lattice parameters and weight fraction of each present phase is indicated. The
largest impurity phase detected was tetragonal LLZO at 11.1 %.

Compound Space Group | a (A) b (A) c (A) | Weight fraction
Lig.4Feo.sLasZr201 43d 12.9703(1) ; - 83.8 %
Li;LasZr,015 14, /acd 13.108(2) | 13.108(2) | 12.750(2) 11.1 %
LigLa;sFesO39 Pm3n 12.175(1) - - 2.3 %
LayZrs07 Fd3m 10.8041(7) ; . 1.4 %
LiyZ1O4 c2/c 543(1) | 9.024(3) | 5.41(1) 1.4 %

5.3.5 Composite Bilayer Film Processing

Preparation of Fe-LLZO based slurry was conducted in the identical manner as the
LLZTO slurry, including the addition of 6 wt% LisO to ensure enhanced densification.
All casting parameters of the slurry were kept the same as that of initial LLZTO
trials to ensure consistency between green films. The subsequent cast green film
(Figure 5.20a) held a smooth surface indicating homogeneous dispersion of ceramic and
organic components. Dried LLZTO and Fe-LLZO green films were laminated together

via thermocompression to form a homogeneous structure, mechanical properties of
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the laminated tape possessed similar characteristics as that of the single LLZTO
tape; flexibility and green film strength were sufficient for further handling and
processing. Discs of 18 mm in diameter were cut, with the Fe-LLZO side displayed
in Figure 5.20b and the reverse LLZTO in Figure 5.20c. The distinctive brown
colour differentiates the Fe-LLZO from the LLZTO side, both sides appear to be
predominantly the respective doped LLZO phase, however, some cross contamination
on the opposing side was observed. Thermocompression may have resulted in
sufficient mechanical force to result in regions of penetration into the opposing film
side. As such careful optimisation of applied force during lamination is required.
Originally cast at 200 pum for both LLZTO and Fe-LLZO, the overall green tape
thickness measured ca. 80 pum, with 45 pym for the LLZTO segment and 35 pum for
the Fe-LLZO region, demonstrating the significant reduction in thickness resulting
from drying and thermocompression. SEM and EDX analysis of the green bilayer
tape are displayed in Figure 5.21. The LLZTO side, layered on top, is seen to show a
well bonded interface with the Fe-LLZO side. EDX mapping indicates the Ta signal
to originate from the topmost layer only, displaying successful, full lamination of
the bilayer. The EDX signals from Fe however appear extremely weak and show
no clear boundary between the two tapes, this may however be a result of low
concentration level of Fe within the Fe-LLZO analogue making detection challenging.
A small inclusion of Fe may be observed within the LLZTO layer and is considered
a result of cross contamination during sample preparation. Visual analysis of the
micrographs indicated a morphological difference between the respective sides; a
slightly lower degree of polymer component is observed in the LLZTO component of
the film compared to the Fe-LLZO region. The contrast in appearance may be a
result of dissimilar particle properties resulting in a variation in PVB binder-particle
interaction and dispersion; mitigation of differences may be achieved by adjustment
of solid loading for the Fe-LLZO system.

Following sintering the discs were analysed via SEM and EDX (Figure 5.22).
Results indicate the maintained separation of the two doped LLZO phases with a
clear division of the Ta signal on the left side compared to the right side of the
structure. The observation is further supported by the Zr signal, where the LLZTO
side shows a lower relative detected intensity compared to the Fe-LLZO side, this
is due to LLZTO holding lower amount of moles (Zr;4) compared to Fe-LLZO
(Zry). As with the green tape the Fe signal appears too low to indicate any more
than background signal. From EDX it appears that no Ta diffusion has occurred
across the interface of the two doped LLZO solid electrolytes, Ta/Fe diffusion at the
immediate interface following sintering may however not be ruled out from EDX
alone. The interface between differing doped LLZO layers presents an intriguing
region of interest. Not only would diffusion following sintering have to be considered

but also following electrochemical cycling as diffusion of transition metal cations at
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(c)

Figure 5.20: (a) Image of slurry cast Lig4FeqolaszZroOqo green film, the cast surface
is of a smooth and homogeneous appearance with streaking or processing defects
indicating good mixing of the system components. (b) The Fe-LLZO side of a
laminated bilayer, some white from the LLZTO side may be seen indicating excessive
lamination pressure resulting in visually observable defects. This is similarly seen
on the LLZTO side of the disc (c), where spots of the distinctive brown colour of
Fe-LLZO can be seen.
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(e) (f)

Figure 5.21: (a)-(b) SEM micrographs and EDX maps of (c¢) La, (d) Ta, (e) Fe and
(f) Zr for Lig4LagZr; 4Tag 012/ Lig4FegoliagZroO1o (LLZTO/Fe-LLZO) bilayer green
tape. (a) Bilayer tape cross section, a division between the two doped LLZO phases is
marked by a dotted yellow line. The microstructure displays well dispersed particles
within a polymer matrix with some textural difference between LLZTO and Fe-LLZO.
(b) Green tape region subjected to EDX analysis. (d) Ta shows the division of the
two LLZO analogues where the signal is only detected on the LLZTO side. (e) Low
Fe levels resulted in predominantly background signal. An impurity of Fe is however
seen and is attributed to cross contamination during sample preparation. (f) Due to

the difference in moles of Zr a difference in intensity was observed between the two
doped LLZO phases.
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(e)

Figure 5.22: (a)-(b) SEM micrographs and EDX maps for (c) La, (d) Ta, (e) Fe
and (f) Zr of sintered Li6,4La3Zr1,4Ta0‘6012/Li6_4Fe0,2La3Zr2012 (LLZTO/FG—LLZO)
bilayer tape. (a) Sintered bilayer tape cross section with an overall thickness of 70 pm,
a yellow line indicates the interface between the LLZTO and Fe-LLZO sides which
are 40 pm and 30 pm respectively; a red oval indicates a region of delamination. The
fracture surface is of an intergranular nature. The particles appear to be partially
fused resulting in an estimated relative density of 88 %. Particles of the Fe-LLZO
side are larger than those on the LLZTO side. (b) region of EDX mapping. (d) The
varying intensity of Ta indicates the division between the two layers, this is further
supported by the variation observed by (f) Zr, which arose due to a difference in
mole concentration. (e) Fe signal was not detected and only displayed background

signal.
161



CHAPTER 5. MIXED IONIC-ELECTRONIC CONDUCTING GARNET
ELECTROLYTE BILAYER FILMS FOR LITHIUM METAL BATTERIES

solid electrolyte interfaces are not well understood. The interface of any bi/trilayer
with differing solid electrolytes would therefore be subjected to unique degradation
mechanisms that would have to be fully analysed and characterised.

The microstructure following sintering (Figure 5.22) exhibits a density below 98
%, with partial particle fusing observed, resulting in a porous structure. Due to
the bilayer configuration relative density measurements utilising theoretical crystal
density proved difficult, additionally the use of Archimedes density measurements was
unsuccessful due to a high degree of buoyancy exhibited by the discs. The density was
therefore estimated as ca. 88 % using colour thresholding (Figure 5.23). Whilst the
addition of LisO increased the density it is possible to see that further densification
is required, this may be achieved with the careful optimisation of increased sintering
time and temperature. Systematic increases would however have to be made to

retain the desired cubic phases.

Figure 5.23: Colour thresholding of sintered Lig 4LagZr; 4 Tag 012/ Lig 4Feg 2LazZroOqy
(LLZTO/Fe-LLZO) bilayer tape determined the relative density as ca. 88 %.

At the interface between the doped LLZO solid electrolytes, a degree of fusing
and bonding is observed with a clear interface boundary displayed (Figure 5.22).
The required outcome is the intimate fusing of particles at the interface resulting in
an imperceptible boundary. This is in order to maintain structural integrity, retain
highly conductive ionic pathways, and reduce any potential interfacial resistance.
However, variations in sintering dynamics of the two differing doped LLZO powders
may result in irregular densification, anisotropic shrinkage, as such delamination
may occur. Evidence of delamination at the interface is observed in Figure 5.22a -

highlighted by a red oval - displaying a large porous region. A further mechanism
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that may result in the delamination of individual layers is the as mentioned shrinkage
behaviour. A disproportionate degree of shrinkage originating from an individual
layer during sintering would result in uneven stresses upon the bilayer, leading to
delamination and structural failure of the bilayer. As such different strategies, such
as the inclusion of further organics to aid in the mitigation of differential shrinkage
should therefore be investigated.

The work presented in this chapter lays out the steps towards a MIEC bilayer
structure of a LLZTO and Fe-LLZO solid electrolyte membrane. However, several
challenges including the densification and shrinkage mechanisms of differential ce-
ramic powders and tapes remain. The production of bilayer structures therefore
requires optimisation prior to electrochemical testing. Nonetheless, the recent re-
ports of high performing, trilayer solid electrolyte films based on doped LLZO with
MIEC properties demonstrate the potential for fast charging, high energy density
ASSBs.[162] Further research into bespoke LLZO based solid electrolyte structures

should therefore be considered.

5.4 Conclusion

Initial fabrication results on LLZTO films revealed the pivotal influence of particle
size, requiring the reduction of synthesised powders to ca. 1 pm in size. Similarly, the
densification of LLZTO films proved challenging and required an extended investiga-
tion into the minimisation of Li volatilisation during sintering to retain the desired
cubic phase. A range of techniques were employed including the use of a covering
mother powder and the use of a range of sintering aids. Li;O, LiCl, LizPO, and com-
mercially available Asahi glass from AVX (Lip-BaO-CaO-SrO-SiO) were trialled to
increase the density. LiO yielded the highest relative density at ca. 88 %, increased
from an initial 43 % without sintering aid. To fabricate the MIEC incorporated
bilayer, target garnet Lig4FegoLasZroOq5 was synthesised. The attainment of the
cubic phase required an extended heating regime in comparison to LLZTO stabilising
with ca. 11 % tetragonal LLZO impurity. Synthesised Fe-LLZO was processed into
a green film alongside LLZTO and laminated by thermocompression to form a green
bilayer tape. Sintering yielded a bilayer with an estimated relative density of 88
%. Whilst extensive further work is required to increase the relative density of the
bilayer tapes, an initial proof of concept for the fabrication combining cubic LLZTO
and Fe-LLZO via a tape casting process has been demonstrated. Additional work
should therefore be focused on the optimisation of sintering temperature and time,
as well as the optimum level of Li;O sintering aid. The increase in density would
permit electrochemical testing and quantification of the bilayer for use in ASSBs and

subsequently confirm the hypothesis of enhanced cathode integration.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

Solid electrolytes based on doped Li;LazZro01 (LLZO) have long held the promise to
realise high energy density all-solid-state-batteries (ASSBs). However, the formation
of lithium dendrites still hinders their practical utilisation in ASSBs. Much work
has been conducted on understanding the mechanisms behind the formation and
propagation of these metallic dendrites. However, little is understood about the
role of electronic conductivity within these doped LLZO systems and its effect on
subsequent solid electrolyte performance and degradation mechanisms.

Chapter 3 and 4 utilised a dual-focused experimental and computational approach
to fundamentally understand the electronic properties of the solid electrolyte compos-
ite, Lig4LasTagsZr; 4012 (LLZTO) with a grain boundary incorporated secondary
phase LasLiMnOg. The former took a mechanistic standpoint, using diffraction, spec-
troscopy and electrochemical techniques to uncover the formation structural changes
of an electrochemical active secondary phase that impacted the electrodynamics
of the solid electrolyte. Concurrently, the computational workstream employed
COMSOL to investigate how local changes in electronic environment can holistically
influence the material properties of the solid electrolyte.

In Chapter 5 a systematic approach was taken to investigate the processability of
doped LLZO solid electrolyte using the tape casting process. The overarching aim
was to investigate the feasibility of fabricating a composite bilayer structure aimed
at optimised electrode integration. Laminating LLZTO with a suitably doped LLZO-
based mixed ionic electronic conductor (MIEC) presents an opportunity to enhance
electrode integration, thereby decreasing resistive interfaces. Building upon prior
studies, a prospective cubic MIEC-LLZO material (Fe-doped LLZO) was identified,
and a bilayer structure comprising two distinct cubic polymorphs of LLZO was

successfully manufactured.
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A systematic enhancement in electronic conductivity of single phase
Lig.4LagTag¢Zr1.4012 was targeted by the isovalent substitution of Zr** with Mn**
in the general formula Lig4LasTaggZr; 4 .Mn,Oq5. With an initial focus on char-
acterising the impact of mixed conduction on the growth of lithium dendrites and
system degradation. A resulting two phase composite solid electrolyte was syn-
thesised, composed predominantly of LLZTO with a (n = 1) Ruddlesden-Popper
phase (RP1) La,LiMnOg located on grain boundaries. Previous research has shown
promising results that the modification of LLZO grain boundaries may lead to an
improvement in dendrite resistance and air stability.[86, 268, 269] However the change
in electrodynamics or electronic conductivity as result of these modifications was
only considered in one study.|86] The estimated electrical conductivity of the RP1
phase (ca. 7.5 x 107" S cm™!) was ca. five orders of magnitude higher than that of
LLZTO providing an inclusion with enhanced electrical conductivity. Despite these
properties, at low concentration levels the secondary phase had a negligible impact
on ionic and electronic conductivities of the solid electrolyte composite. Increased
concentrations, however, were found to elevate the maximum attainable critical
current density. The notable change was attributed to an observed reduction of
lithium carbonate present at the lithium-electrolyte interface. Measured using XPS
the reduction of lithium carbonate may be a result of an active passivation layer or a
reaction arising from the secondary phase potentially improve air stability. However,
once a threshold was reached at x > 0.07 a negative impact on interfacial resistance
and ionic conductivity of the composite was observed. Despite this, the estimated
electronic conductivity of the solid electrolyte appeared to be unaffected. How-
ever, interfacial post-mortem analysis of the galvanostatically cycled cells revealed
observable dark regions, previous studies have correlated surface darkening to the
reduction of dopant transition metal.[144] Cyclic voltammetry was therefore used to
provide further comprehension, revealing a non-reversible oxidative behaviour at 4.2
V. This was attributed to the RP1 secondary phase, highlighting that the secondary
phase exhibited redox-type activity in the composite solid electrolyte. Spectroscopic
methods of the solid electrolyte interface confirmed this observation with a mixed
Mn?*+/4* oxidation state. Chapter 3 emphasises that the inclusion of a secondary
phase, even at low levels, with differing electrochemical properties can affect the
overall electrical properties and electrochemical dynamics of the system. Much of the
electrodynamics within the LLZO solid electrolyte are still not well understood and
the incorporation of a secondary phase to beneficially control the material properties
of the solid electrolyte may be a viable approach.

To build on the experimental evidence of the influence of the secondary phase the
focus was directed towards the impact of the secondary phase on the electrodynamics
at the grain boundary level. The aim of Chapter 4 was to answer these questions

with the help of advanced computational approaches. X-ray diffraction computed
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tomography (XRD-CT) allowed for the characterisation of the dark regions observed
in the solid electrolyte composite to understand potential crystallographic changes
of the RP1 phase. Identification and targeted analysis of the RP1 LayLiMnOg
secondary phase allowed for the extraction of X-ray diffraction patterns of pre
and post cycled samples. Spatial mapping indicated a heterogeneous dispersion of
the RP1 phase throughout the solid electrolyte composite. Bragg reflections from
extracted diffraction patterns revealed a reduction in intensity and calculated weight
fraction of the RP1 inclusion in the dark regions following galvanostatic cycling. To
explain the results observed under dynamic current conditions a hypothesis was posed
theorising that lithium deintercalated from the shared occupancy site with manganese
leading to a phase change from tetragonal to orthorhombic; this is supported by
the mixed oxidation state of manganese within the RP1 phase found by XAS and
XPS. To fundamentally understand current distributions and electrodynamics at a
micro/meso scale, finite element method (FEM) was utilised to simulate a simplified
composite system. Under a 1 V potential the model revealed significant changes
to the electrodynamics of the solid electrolyte. The secondary phase was shown to
affect the current density of the local grain boundary region from an initial 0.13 %
to 8.97 %, an increase of ca. 69 times and increasing the density by up to 6 x107%
A pm~2 more than the surrounding composite.

Further post processing highlighted the preferential flow of current along grain
boundaries towards the secondary phase, emphasising the role of high current density
locations and potentially nucleation points for lithium dendrites. The model indicates
that at low levels the presence of the secondary phase is unlikely to affect the overall
system, however, once a percolation threshold is reached the inclusion becomes
detrimental to the whole solid electrolyte system. The overall results from chapter
3 and 4 indicate that caution is required when synthesising LLZO based solid
electrolytes, a small inclusion of high electrical conducting secondary phase may
affect the entire system.

The observed significant changes in the electrodynamics of the solid electrolyte
prompted the hypothesis that integrating a cubic MIEC-LLZO phase into a LLZO-
based architecture to form a composite bilayer, could enhance electrode compatibility.
An MIEC layer would introduce improved electronic conductivity allowing for an
optimised integration of electrodes, reducing interfacial resistance, and enhancing
charge transfer kinetics. Fabrication efforts of the LLZO based bilayer were presented
in Chapter 5. Significant challenges arise in the processing of solid electrolyte films
including, densification and loss of desired phase. Therefore, to retain the desired
phase and attain the high density required for further processing, a range of process
optimisation and sintering aids were similarly investigated.

Trials utilised LiCl, Li3POy, LisO, and commercially available lithiated silica

(AVX glass). Results revealed the greatest increase in density arose from the use of
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Li5O, which increased the relative density of the ceramic film to ca. 88% from an
initial ca. 43%. Iron doped LLZO was selected due to its suspected MIEC properties
from an observed mixed Fe3*/?* oxidation state.[145] Initial efforts revealed good
thermocompression of the green films between the two differing doped LLZO phases.
Subsequent sintering of the LLZTO/Fe-LLZO bilayer resulted in a relative density of
88 %, a clear interface boundary showcased the separation of the two distinct regions.
This work presents an initial proof of concept for a doped LLZO based bilayer with
two differing electrical properties. Nevertheless, substantial efforts are needed to
further optimise the density and mechanical properties of the solid electrolyte film
to allow for electrochemical characterisation.

This thesis describes a collection of research using an interdisciplinary approach
designed to study the complex chemistry of LLZO based solid electrolytes, encom-
passing mechanistic understanding, processability assessment, and the integration of
both traditional and cutting-edge computational methods. It highlights the complex
and dynamic nature of these garnet type solid electrolytes and the requirement for

extensive research to realise an LLZO based solid electrolyte in an ASSB.

6.2 Future Work

Chapter 3 demonstrated the impact of the grain boundary located n = 1 Ruddlesden-
Popper (RP1) phase La,LiMnOg on a Ta-doped LLZO solid electrolyte. Under
an applied current the secondary phase exhibited electrochemical activity that
resulted in a mixed 3+ /4+ oxidation state of manganese. By correlating results
from electrochemical and spectroscopic methods a hypothesis was proposed that Li
is extracted from the LasLiMnOg lattice during electrochemical operation, resulting
in the observed change in manganese oxidation state.

This theory could be confirmed with the synthesis of phase pure LayLiMnOg and
subsequent electrochemical characterisation. Utilisation of a graphite|LayLiMnOsg
cell with liquid electrolyte would confirm any reversible delithiation as well as any
resulting phase changes. Whilst a Li-metal symmetrical cell (Li|LasLiMnOg|Li) may
be used to study the CCD of the RP1 phase. Moreover, DC polarisation would enable
a more accurate estimation of electronic conductivity in comparison to extrapolated
results from previous studies.

An alternative approach may be taken with the use of conductive Atomic Force
Microscopy (C-AFM). A conductive tip would be scanned in contact with the sample
surface crossing grain boundaries as well as the location of the La,;LiMnOg phase.
An applied voltage between the tip and the sample would generate a current and
topographic image, identifying features on the surface that are conducting more or
less current. A detailed spatial distribution could therefore be built of the composite

solid electrolyte, identifying regions susceptible to higher current conduction.

168



CHAPTER 6. CONCLUSIONS AND FUTURE WORK

The observed ’dark’ regions which alluded to an increase in electronic conductivity
proved difficult to target with XAS. Due to the size as well as lack of visual guidance
on beam positioning, a more comprehensive measurement could be provided by micro
beam XAS. This would allow for an improved analysis of the oxidation state of the
dark regions measured.

An additional theory proposed was that, as a consequence of increased current
density, the secondary phase provided a nucleation site for Li-metal. This theory may
be explored via cross sectional scanning transmission electron microscope (STEM)
on a composite solid electrolyte prior to short circuiting. The use of STEM would
negate the difficulty in detecting lithium from SEM or EDX and indicate whether
a nucleation point was provided, or lithium dendrites formed exclusively from the
interface. Furthermore, this study has the potential to further advance comprehension
related to dendrite formation in phase pure cubic LLZO. If Li-metal nucleates at the
secondary phase as a result of high current density, it may also nucleate at grain
boundary triple points exhibiting elevated current density.

The RP1 phase appears to readily form in the presence of Mn, Co or Ni.[51, 220,
221] This presents a compelling concern for electrode compatibility with the LLZO-
based solid electrolyte separators, as most commercial cathodes are based around
these elements. The likely diffusion of transition metals from cathode electrodes
will result in the formation of LayLiMOg (M = Mn, Co, Ni) leading to a loss in
electrochemical performance and potentially negating the predicted high operational
voltage window of ASSBs. Building on previous research that observed the diffusion
of Co and the formation of LayLiCoOg from a doped LLZO solid electrolyte separator
with a LCO cathode, [51] further studies involving a Mn or Ni bearing cathodes
could be conducted.

FEM analysis in Chapter 4 provides a simplified model of the solid electrolyte
composite system. The presented geometry, a 9 x 9 brick layer model, offered an
intriguing insight into the electrodynamics of the LLZTO polycrystalline system
with LasLiMnOg located on the grain boundary. Further optimisation could however
be conducted with an applied current. A modification of the applied current would
further highlight the electrodynamics within the solid electrolyte composite and more
accurately reflect experimental parameters during galvanostatic cycling. Additionally,
to better represent a real system a more representative microstructural polycrystalline
LLZTO system could be constructed. This may be achieved with open source
software such as Dream.3D,[270] or an in-house (University of Sheffield) coded
Voronoi tessellation. Furthermore, the scope could be expanded to include Li-
metal electrodes and integrate them into the overall model using Fick’s law and
the Butler-Volmer equations. The equations describe diffusion of Li™ ions and
subsequent electrode reactions at the electrode-electrolyte interface further revealing

electrodynamics of the system. All these options exist to expand and optimise
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the current model presented in this thesis, to further model a comprehensive FEM
representation of a doped LLZO solid electrolyte with incorporated secondary phase.

The furthest commercial potential may be gained in the optimisation of the
solid electrolyte tape casting process in Chapter 5. Initial efforts should focus on
increasing the relative density by optimising the duration and temperature with the
utilisation of Li,O sintering aid. Densities exceeding > 98 % have been achieved at
1100 °C for 6 hours as well as 1115 °C for 3 hours and would provide good initial
parameters.[153, 271] However, careful characterisation would be required to confirm
the retention of the desired cubic phase due to the long sintering time.

Furthermore, a more comprehensive study of sintering aids ranging from 1 % to
6 % would enable a controlled understanding of their optimal quantity in LLZTO-
based tapes. Moreover, investigating a wider array of sintering aids is recommended.
Past studies showed the efficacy of MgO during the tape casting process, achieving
a relative density of 91.1 % .[271] Li3zBO3 (LBO) also increased the density and
maintained the cubic phase without requiring covering mother powder.[272] However,
removing the mother powder exposes the green tape to Al,O3 during high-temperature
sintering, leading to aluminium impurities arising from a reaction between the doped
LLZO and the Al,Oj setter plates.[127, 256] These unwanted reactions may be
mitigated by the use of a pyrolytic graphite sheets, however an inert Ar atmosphere
would be required to prevent oxidation of the graphite sheets.[271] It is clear that a
large scope of future work exists to standardise the sintering of high density LLZO
based ceramic films.

Additionally, addressing anisotropic shrinkage in the sintered solid electrolyte
bilayer architecture requires attention. Establishing an intimately fused interface
with robust mechanical strength to prevent delamination becomes crucial. A range of
differing organic constituents such as polyethylene glycol may therefore be investigated
to facilitate lubrication between the different layers during sintering. With sufficient
mechanical strength and an intimately bonded interface, further electrochemical
testing becomes viable. Successful fabrication of an MIEC bilayer architecture
presents substantial opportunities for further exploration.

Fe-LLZO was selected for its potential MIEC properties as such measurements
should therefore be conducted to elucidate any electronic conductivity arising reported
Fe mixed oxidation state. In the case that MIEC is not proven in Fe-LLZO, a different
doped LLZO solid electrolytes would have to be considered. Recent studies have
presented a series of doped MIEC LLZO based solid electrolytes for trilayer film
architectures. A substantial increase in electronic conductivity was demonstrated from
ca. 1072 S cm™! for LLZTO to ca. 107* to 107° S cm ™! and attained current densities
of 60 mA cm~2 with cumulative lithium plating capacity of 18.5 Ah cm~2.[162] The
study demonstrates the requirement for an MIEC layer and presents the opportunity

to investigate the change in electrodynamics for a phase pure sample compared to a
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composite, as well as any subsequent changes at interfaces or grain boundaries. The
ideas presented here are not an exhaustive list of possible further research. They
however lay the groundwork for further exploration of composite solid electrolytes
based on doped LLZO.

As the performance of single phase LLZO based solid electrolytes appears to
plateau, incorporating secondary phases to tailor the electrodynamics of a system
can offer the opportunity to further enhance the desired properties. The combination
of different structures or phases into composites is likely to lead to a large unexplored
range of material properties which are hard to predict. As such, changes may readily
occur in the electrochemical, electrodynamical or mechanical response of the system;
effecting change in extended cycle life, enhanced interfacial and rate compatibility,
mechanical properties or improving dendrite resistance. Composites are already
widely used in other areas of materials science and engineering and may provide a
new direction of research for solid electrolyte materials; ultimately enabling effective
ASSBs.
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Table A.1: Collated results from Rietveld refinement of pre-SPS garnet samples
"Lig 4LasTag ¢2r1.4—Mn, 01’

Fit Statistics LazLiMnO- LLZTO
Sample Rup ‘ Chi? (x?) H GOF | Wt Phase fraction H a="h(A) H ¢ (A) ‘ a=hb=c(A)
z =0 8.15 % 7.21 2.68 - - - 12.9372 (3)
z=0.035 | 8.86% | 1475 | 3.84 1.99(7) 5.404(1) | 20.291(7) | 12.9200 (1)
v 005 |933%| 968 | 3.11 2.57(8) 5.4073(8) || 20.294(4) | 12.9222 (3)
© =007 | 772% | 1192 | 3.45 2.81(6) 5.4043(5) || 20.281(3) | 12.9235 (2)
£ 0105 | 7.11% | 1156 | 3.40 3.79(6) 5.4052(4) || 20.274(2) | 12.92886 (8)

Table A.2: Collated results from Rietveld refinement post-SPS garnet samples
"Lig4LagTaggZri 4—.Mn,Oq5’. Garnet lattice parameters do not follow linear substi-
tution as expected by Vegard’s law, thereby strongly indicating no manganese cation
substitution within the lattice. Further supportive evidence is seen in the linear

increase of the secondary phase La,LiMnOs.

Fit Statistics La,LiMnOg LLZTO Pellet
Sample Rup ‘ Chi? (x?) H GOF | Wt Phase fraction H a=b(A) H ¢ (A) ‘ a=b (A) || density %
z =0 5.77 % 2.27 1.51 - - - 12.9198(3) 99
z =0.035 || 719 % 4.06 2.02 0.86(9) % 3.786(2) | 12.95(1) || 12.9226(1) 99
z =0.05 || 10.93 % 17.75 4.21 1.175(4) % 3.785(1) | 12.958(7) || 12.9267(6) 98
z =007 || 1266 % | 17.96 | 4.24 1.7(1) % 3.786(1) | 12.947(6) | 12.9252(4) 99
z =0.105 || 11.62 % 3.69 1.92 2.712) % 3.7877(7) || 12.95(3) || 12.9293(1) 99
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Figure A.1: DC polarisation experiment using (a) LLZTO and Mn-LLZTO (b) z =
0.035, (c) x = 0.07, (d) = 0.105 with Au, Li* blocking electrodes. Three potentials,
0.6, 0.9 and 1.2 V were applied across the cell for 24 hours for all but z = 0.105
which ran for 12 hours. Results from DC polarisation are displayed in Table 3.3.
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Figure A.2: Equivalent circuit models for AC impedance with Li blocking electrodes.
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Figure A.3: Equivalent circuit models for AC impedance with Li-metal electrodes.
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Figure B.1: Powder X-ray diffraction pattern highlighting the contained impurities
of final synthesised Lig4FegolagZroOq5. Following 52 hours heating, cubic stabilised

Fe-LLZO held several impurities following synthesis, these included: LigLajgFes5Osq
(#), LizZrOs (&), pyrochlore LasZroO7 (%), and tetragonal Li;LagZroO7 (A&).
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Figure B.2: Early iteration of LLZTO tape casting failure. The green tape is seen to
have cracked during and displays no flexibility or malleability. In addition to this a
rough surface texture may be seen. This indicates poor particle dispersion during
slurry formation.

Figure B.3: Early iteration of LLZTO tape casting failure. The green tape displays
an inhomogeneous consistency and thickness. Uncoated regions of mylar may be
seen displaying air pockets within the formed slurry.
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Figure B.4: 18 mm dia. LLZTO green tape failure. The green tape displays an
inhomogenous consistency. Furthermore, pitting from bubble formation during slurry
formation and casting may be seen.

Figure B.5: Sintering failure of LLZTO tape. The tape displayed complete loss of
structural strength following sintering. Pitting from bubble formation during sintering
are observed on the surface. Furthermore, a rough surface displays inhomogeneous
particle distribution during slurry formation.

179






References

[1] 1. Burch, J. Gilchrist, Center of Climate Protection: Santa Rosa CA USA
2018.

[2] P. Gallone, Electrochimica Acta 1986, 31, 1485-1490.

[3] A. Volta, Philosophical transactions of the Royal Society of London 1800,
403-431.

[4] P. F. Mottelay, Bibliographical History of Electricity & Magnetism: Chrono-
logically Arranged, C. Griffith & Company Limited, 1922.

[5] A. Coutts, Annals of Science 1959, 15, 121-133.

[6] J. F. Daniell, Philosophical Transactions of the Royal Society of London 1836,
107-124.

[7] P. Kurzweil, Journal of Power Sources 2010, 195, 4424-4434.

[8] T. Eguro in Encyclopedia of Applied Electrochemistry, (Eds.: G. Kreysa, K.-i.
Ota, R. F. Savinell), Springer New York, New York, NY, 2014, pp. 1358-1363.

[9] K. Sapru, B. Reichman, A. Reger, S. R. Ovshinsky, Rechargeable battery and
electrode used therein, US Patent 4,623,597, 1986.

[10] M. S. Whittingham, Science 1976, 192, 1126-1127.

[11] K. Mizushima, P. Jones, P. Wiseman, J. B. Goodenough, Materials Research
Bulletin 1980, 15, 783 789.

[12] A. Yoshino, K. Sanechika, T. Nakajima, Secondary battery, US Patent
4,668,595, 1987.

[13] Y. Nishi, Journal of Power Sources 2001, 100, 101-106.

[14] NobelPrize.org, The Nobel Prize in Chemistry 2019, Accessed: 06/12/2023,
2019, https://www.nobelprize.org/prizes/chemistry/2019/summary/.

[15] J.-L. Bredas, J. M. Buriak, F. Caruso, K.-S. Choi, B. A. Korgel, M. R.
Palacin, K. Persson, E. Reichmanis, F. Schuth, R. Seshadri, et al., Chemistry
of Materials 2019, 31, 8577-8581.

[16] Hornsdale Power Reserve, Accessed: 06/12/2023, https://hornsdalepowerreserve.

com.au/.

181



REFERENCES

[17]

18]

[19]

20]

[21]

22]

27]

28]

[29]

130]

[31]

[32]

T. Bingham, M. Moore, T. De Caux, M. Pacino, IET FElectrical Systems in
Transportation 2022, 12, 380-402.

Fjellstrand AS, Accessed: 23/10/2023, https://fjellstrand.no/projects/
nb-1700-medstraum/.

A. Stephan, T. Hettesheimer, C. Neef, T. Schmaltz, M. Stephan, S. Link,
J. L. Heizmann, A. Thielmann, Alternative Battery Technologies Roadmap
2030+, 2023.

T. Schmaltz, T. Wicke, L. Weymann, P. Vof, C. Neef, A. Thielmann, Solid-
State Battery Roadmap 2035+, 2022.

J. Betz, G. Bieker, P. Meister, T. Placke, M. Winter, R. Schmuch, Advanced
energy materials 2019, 9, 1803170.

A. Hales, The tesla 4680: Does size matter?, Accessed: 07/12/2023, 2023,
https : //www . aboutenergy . io/ post /the - tesla- 4680 - does - size -

matter.
N. Nitta, F. Wu, J. T. Lee, G. Yushin, Materials Today 2015, 18, 252-264.
M. S. Whittingham, Chemical Reviews 2004, 104, 4271-4302.

A. Kannan, L. Rabenberg, A. Manthiram, Electrochemical and solid-state
letters 2002, 6, A16.

A. International, "This is what We Die For": Human Rights Abuses in the
Democratic Republic of the Congo Power the Global Trade in Cobalt, Amnesty
International, 2016.

T. Gross, How 'modern-day slavery’ in the Congo powers the rechargeable
battery economy, Accessed: 07/12/2023, 2023, https://www .npr . org/
sections/goatsandsoda/2023/02/01/1152893248/red - cobalt - congo -

drc-mining-siddharth-kara.

L. Leyssens, B. Vinck, C. Van Der Straeten, F. Wuyts, L. Maes, Toxicology
2017, 387, 43-56.

Z. Lu, J. R. Dahn, Cathode compositions for lithium-ion batteries, US Patent
6,964,828, 2005.

M. M. Thackeray, W. 1. David, P. G. Bruce, J. B. Goodenough, Materials
Research Bulletin 1983, 18, 461-472.

C. Zhan, J. Lu, A. Jeremy Kropf, T. Wu, A. N. Jansen, Y.-K. Sun, X. Qiu,
K. Amine, Nature Communications 2013, 4, 2437.

R. Yudhistira, D. Khatiwada, F. Sanchez, Journal of Cleaner Production
2022, 358, 131999.

182



REFERENCES

33

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

|44]

[45]

|46]

[47]
48]

|49]
[50]
[51]

A. Perea, A. Paolella, J. Dubé, D. Champagne, A. Mauger, K. Zaghib, Journal
of Power Sources 2018, 399, 392-397.

A. K. Padhi, K. S. Nanjundaswamy, J. B. Goodenough, Journal of The
Electrochemical Society 1997, 144, 1188.

D. Choi, N. Shamim, A. Crawford, Q. Huang, C. K. Vartanian, V. V.
Viswanathan, M. D. Paiss, M. J. E. Alam, D. M. Reed, V. L. Sprenkle,
Journal of Power Sources 2021, 511, 230419.

A. Manthiram, Nature Communications 2020, 11, 1550.
Y. Wang, E. Wang, X. Zhang, H. Yu, Energy ¢ Fuels 2021, 35, 1918-1932.

C. R. Birkl, M. R. Roberts, E. McTurk, P. G. Bruce, D. A. Howey, Journal
of Power Sources 2017, 341, 373-386.

F. Larsson, P. Andersson, P. Blomqvist, B.-E. Mellander, Scientific Reports
2017, 7, 10018.

A. Wang, S. Kadam, H. Li, S. Shi, Y. Qi, npj Computational Materials 2018,
4, 15.

D. Aurbach, E. Zinigrad, Y. Cohen, H. Teller, Solid state ionics 2002, 148,
405-416.

X. Feng, M. Ouyang, X. Liu, L. Lu, Y. Xia, X. He, Energy Storage Materials
2018, 10, 246-267.

V. Thangadurai, D. Pinzaru, S. Narayanan, A. K. Baral, The Journal of
Physical Chemistry Letters 2015, 6, 292-299.

D. Cao, X. Sun, Y. Wang, H. Zhu, Energy Storage Materials 2022, 48, 458—
465.

K. Yoshima, Y. Harada, N. Takami, Journal of Power Sources 2016, 302,
283-290.

J. Li, C. Ma, M. Chi, C. Liang, N. J. Dudney, Advanced Energy Materials
2015, 5, 1401408.

J. Janek, W. G. Zeier, Nature Energy 2023, 8, 230-240.

R. Chen, Q. Li, X. Yu, L. Chen, H. Li, Chemical reviews 2019, 120, 6820—
6877.

T. Inoue, K. Mukai, ACS Applied Materials & Interfaces 2017, 9, 1507-1515.
H. Chung, B. Kang, Chemistry of materials 2017, 29, 8611-8619.

W. S. Scheld, K. Kim, C. Schwab, A. C. Moy, S.-K. Jiang, M. Mann, C.
Dellen, Y. J. Sohn, S. Lobe, M. Ihrig, et al., Advanced Functional Materials
2023, 2302939.

183



REFERENCES

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

62]

[63]

[66]

[67]

P. Minnmann, F. Strauss, A. Bielefeld, R. Ruess, P. Adelhelm, S. Burkhardt,
S. L. Dreyer, E. Trevisanello, H. Ehrenberg, T. Brezesinski, et al., Advanced
Energy Materials 2022, 12, 2201425.

K. Nie, Y. Hong, J. Qiu, Q. Li, X. Yu, H. Li, L. Chen, Frontiers in chemistry
2018, 6, 616.

W. Xia, B. Xu, H. Duan, X. Tang, Y. Guo, H. Kang, H. Li, H. Liu, Journal
of the American Ceramic Society 2017, 100, 2832-2839.

L. Cheng, E. J. Crumlin, W. Chen, R. Qiao, H. Hou, S. F. Lux, V. Zorba,
R. Russo, R. Kostecki, Z. Liu, et al., Physical Chemistry Chemical Physics
2014, 16, 18294-18300.

A. Sharafi, E. Kazyak, A. L. Davis, S. Yu, T. Thompson, D. J. Siegel, N. P.
Dasgupta, J. Sakamoto, Chemistry of Materials 2017, 29, 7961-7968.

M. J. Wang, R. Choudhury, J. Sakamoto, Joule 2019, 3, 2165-2178.

Y. Shao, H. Wang, Z. Gong, D. Wang, B. Zheng, J. Zhu, Y. Lu, Y.-S. Hu,
X. Guo, H. Li, et al., ACS Energy Letters 2018, 3, 1212-1218.

H. Xu, Y. Li, A. Zhou, N. Wu, S. Xin, Z. Li, J. B. Goodenough, Nano Letters
2018, 18, 7414-7418.

K. Fu, Y. Gong, B. Liu, Y. Zhu, S. Xu, Y. Yao, W. Luo, C. Wang, S. D. Lacey,
J. Dai, et al., Science Advances 2017, 3, e1601659.

W. Luo, Y. Gong, Y. Zhu, Y. Li, Y. Yao, Y. Zhang, K. Fu, G. Pastel, C.-F.
Lin, Y. Mo, et al., Advanced Materials 2017, 29, 1606042.

K. Fu, Y. Gong, Z. Fu, H. Xie, Y. Yao, B. Liu, M. Carter, E. Wachsman,
L. Hu, Angewandte Chemie International Edition 2017, 56, 14942-14947.

A. Santhosha, L. Medenbach, J. R. Buchheim, P. Adelhelm, Batteries &
Supercaps 2019, 2, 524-529.

X. Han, Y. Gong, K. Fu, X. He, G. T. Hitz, J. Dai, A. Pearse, B. Liu, H.
Wang, G. Rubloff, et al., Nature materials 2017, 16, 572-579.

L. Porz, T. Swamy, B. W. Sheldon, D. Rettenwander, T. Fromling, H. L.
Thaman, S. Berendts, R. Uecker, W. C. Carter, Y.-M. Chiang, Advanced
Energy Materials 2017, 7, 1701003.

F. Flatscher, M. Philipp, S. Ganschow, H. M. R. Wilkening, D. Rettenwander,
Journal of Materials Chemistry A 2020, 8, 15782-15788.

S. Randau, D. A. Weber, O. Kétz, R. Koerver, P. Braun, A. Weber, E. Ivers-
Tiffée, T. Adermann, J. Kulisch, W. G. Zeier, et al., Nature Energy 2020, 5,
259-270.

184



REFERENCES

|68

[69]

[70]

[71]

[72]

73]
[74]

[75]

[76]

7]

78]

79]

[30]

[81]
[82]

[83]

[84]

P. Albertus, S. Babinec, S. Litzelman, A. Newman, Nature Energy 2018, 3,
16-21.

F. Han, A. S. Westover, J. Yue, X. Fan, F. Wang, M. Chi, D. N. Leonard,
N. J. Dudney, H. Wang, C. Wang, Nature Energy 2019, 4, 187-196.

M. Wang, J. B. Wolfenstine, J. Sakamoto, FElectrochimica Acta 2019, 296,
842-847.

B. Kinzer, A. L. Davis, T. Krauskopf, H. Hartmann, W. S. LePage, E. Kazyak,
J. Janek, N. P. Dasgupta, J. Sakamoto, Matter 2021, 4, 1947-1961.

J. Kasemchainan, S. Zekoll, D. Spencer Jolly, Z. Ning, G. O. Hartley, J.
Marrow, P. G. Bruce, Nature materials 2019, 18, 1105-1111.

E. J. Cheng, A. Sharafi, J. Sakamoto, Electrochimica Acta 2017, 223, 85-91.

R. Sudo, Y. Nakata, K. Ishiguro, M. Matsui, A. Hirano, Y. Takeda, O.
Yamamoto, N. Imanishi, Solid State Ionics 2014, 262, 151-154.

K. Ishiguro, H. Nemori, S. Sunahiro, Y. Nakata, R. Sudo, M. Matsui, Y.
Takeda, O. Yamamoto, N. Imanishi, Journal of The Electrochemical Society
2014, 161, A668.

T. Swamy, R. Park, B. W. Sheldon, D. Rettenwander, L. Porz, S. Berendts, R.
Uecker, W. C. Carter, Y.-M. Chiang, Journal of The Electrochemical Society
2018, 165, A3648-A3655.

W. Zhang, D. Schroder, T. Arlt, I. Manke, R. Koerver, R. Pinedo, D. A.
Weber, J. Sann, W. G. Zeier, J. Janek, Journal of Materials Chemistry A
2017, 5, 9929-9936.

G. Bucci, B. Talamini, A. R. Balakrishna, Y.-M. Chiang, W. C. Carter,
Physical Review Materials 2018, 2, 105407.

R. Koerver, W. Zhang, L. de Biasi, S. Schweidler, A. O. Kondrakov, S. Kolling,
T. Brezesinski, P. Hartmann, W. G. Zeier, J. Janek, Energy € Environmental
Science 2018, 11, 2142-2158.

T. Famprikis, P. Canepa, J. A. Dawson, M. S. Islam, C. Masquelier, Nature
Materials 2019, 18, 1278-1291.

R. D. Schmidt, J. Sakamoto, Journal of Power Sources 2016, 32/, 126-133.

F. Aguesse, W. Manalastas, L. Buannic, J. M. Lopez del Amo, G. Singh,
A. Llordés, J. Kilner, ACS applied materials € interfaces 2017, 9, 3808-3816.

Y. Song, L. Yang, L. Tao, Q. Zhao, Z. Wang, Y. Cui, H. Liu, Y. Lin, F. Pan,
Journal of Materials Chemistry A 2019, 7, 22898-22902.

H.-K. Tian, B. Xu, Y. Qi, Journal of Power Sources 2018, 392, 79-86.

185



REFERENCES

[85]

[36]

[87]

38

[89]

[90]

91

[92]

193]
[94]

195]
[96]
97]

98]

[99]

[100]

[101]

X. Liu, R. Garcia-Mendez, A. R. Lupini, Y. Cheng, Z. D. Hood, F. Han,
A. Sharafi, J. C. Idrobo, N. J. Dudney, C. Wang, et al., Nature Materials
2021, 20, 1485-1490.

J.-S. Kim, H. Kim, M. Badding, Z. Song, K. Kim, Y. Kim, D.-J. Yun, D.
Lee, J. Chang, S. Kim, et al., Journal of Materials Chemistry A 2020, 8§,
16892-16901.

N. Boaretto, I. Garbayo, S. Valiyaveettil-SobhanRaj, A. Quintela, C. Li, M.
Casas-Cabanas, F. Aguesse, Journal of Power Sources 2021, 502, 229919.

M. Pasta, D. Armstrong, Z. L. Brown, J. Bu, M. R. Castell, P. Chen, A. Cocks,
S. A. Corr, E. J. Cussen, E. Darnbrough, et al., Journal of Physics: Energy
2020, 2, 032008.

K. B. Hatzell, X. C. Chen, C. L. Cobb, N. P. Dasgupta, M. B. Dixit, L. E.
Marbella, M. T. McDowell, P. P. Mukherjee, A. Verma, V. Viswanathan,
et al., ACS Energy Letters 2020, 5, 922-934.

K. Kerman, A. Luntz, V. Viswanathan, Y.-M. Chiang, Z. Chen, Journal of
The Electrochemical Society 2017, 164, A1731.

M. Faraday, Fxperimental researches in electricity: reprinted from the Philo-
sophical Transactions of 1831-1843, 1846-1852, Vol. 2, R. and JE Taylor,
1839.

H. M. Smith, Science 1898, 8, 689-690.
W. Heraeus, Zeitschrift fiir Elektrochemie 1899, 6, 41-43.

D. Zhou, D. Shanmukaraj, A. Tkacheva, M. Armand, G. Wang, Chem 2019,
5, 2326-2352.

M. Armand, J. Chabagno, M. Duclot in Extended Abstracts, 1978.
D. Fenton, Polymer 1973, 14, 589.

Y. Xia, T. Fujieda, K. Tatsumi, P. P. Prosini, T. Sakai, Journal of Power
Sources 2001, 92, 234-243.

G. Homann, L. Stolz, J. Nair, I. C. Laskovic, M. Winter, J. Kasnatscheew,
Scientific Reports 2020, 10, 4390.

J. C. Bachman, S. Muy, A. Grimaud, H.-H. Chang, N. Pour, S. F. Lux, O.
Paschos, F. Maglia, S. Lupart, P. Lamp, et al., Chemical reviews 2016, 116,
140-162.

N. Zhao, W. Khokhar, Z. Bi, C. Shi, X. Guo, L.-Z. Fan, C.-W. Nan, Joule
2019, 3, 1190-1199.

F. Zheng, M. Kotobuki, S. Song, M. O. Lai, L. Lu, Journal of Power Sources
2018, 389, 198-213.

186



REFERENCES

[102]

103

[104]

[105]
[106]
107]

[108]

109

110]
[111]

[112]

[113]

114)

[115]

[116]

[117]

[118]
119]

[120]

V. Thangadurai, W. Weppner, Advanced Functional Materials 2005, 15, 107
112.

C. Wang, K. Fu, S. P. Kammampata, D. W. McOwen, A. J. Samson, L.. Zhang,
G. T. Hitz, A. M. Nolan, E. D. Wachsman, Y. Mo, et al., Chemical Reviews
2020, 120, 4257-4300.

V. Thangadurai, S. Narayanan, D. Pinzaru, Chemical Society Reviews 2014,
48, 4714-4727.

C. Yu, F. Zhao, J. Luo, L. Zhang, X. Sun, Nano Energy 2021, 83, 105858.
P. P. Kumar, S. Yashonath, Journal of Chemical Sciences 2006, 118, 135-154.

D. Danilov, R. Niessen, P. Notten, Journal of the Electrochemical Society
2010, 158, A215.

D. Kumar, S. Idapalapati, W. Wang, S. Narasimalu, Materials 2019, 12,
2503.

P. A. Cox, The electronic structure and chemistry of solids, Oxford University
Press, Oxford, 1987.

S.-W. Kim, S.-I. Pyun, FElectrochimica Acta 2002, 47, 2843-2855.

K. Nishio, T. Shirasawa, K. Shimizu, N. Nakamura, S. Watanabe, R. Shimizu,
T. Hitosugi, ACS Applied Materials €; Interfaces 2021, 13, 15746-15754.

D. S. McLachlan, M. Blaszkiewicz, R. E. Newnham, Journal of the American
Ceramic Society 1990, 73, 2187-2203.

F. Yang, J. S. Dean, Q. Hu, P. Wu, E. Pradal-Velazquez, L. Li, D. C. Sinclair,
Journal of Materials Chemistry A 2020, 8, 25120-25130.

W. Zaman, N. Hortance, M. B. Dixit, V. De Andrade, K. B. Hatzell, Journal
of Materials Chemistry A 2019, 7, 23914-23921.

J. Park, J. Y. Kim, D. O. Shin, J. Oh, J. Kim, M. J. Lee, Y.-G. Lee, M.-H.
Ryou, Y. M. Lee, Chemical Engineering Journal 2020, 391, 123528.

Y. Kim, A. Yoo, R. Schmidt, A. Sharafi, H. Lee, J. Wolfenstine, J. Sakamoto,
Frontiers in Energy Research 2016, 4, 20.

R. Murugan, V. Thangadurai, W. Weppner, Angewandte Chemie International
Edition 2007, 46, 7T778-7781.

H. Kasper, Inorganic Chemistry 1969, 8, 1000-1002.

V. Thangadurai, H. Kaack, W. J. Weppner, Journal of the American Ceramic
Society 2003, 86, 437-440.

M. P. O’Callaghan, D. R. Lynham, E. J. Cussen, G. Z. Chen, Chemistry of
Materials 2006, 18, 4681-4689.

187



REFERENCES

[121]

[122]
[123]

124]

[125]

[126]

[127]

[128]

[129]

[130]

131]

132]

[133]

[134]

[135]

[136]

[137]

[138]

M. P. O’Callaghan, A. S. Powell, J. J. Titman, G. Z. Chen, E. J. Cussen,
Chemistry of materials 2008, 20, 2360-2369.

E. J. Cussen, Chemical Communications 2006, 412-413.

Y. Li, J.-T. Han, C.-A. Wang, H. Xie, J. B. Goodenough, Journal of Materials
Chemistry 2012, 22, 15357-15361.

M. Xu, M. S. Park, J. M. Lee, T. Y. Kim, Y. S. Park, E. Ma, Physical Review
B 2012, 85, 052301.

H. El-Shinawi, G. W. Paterson, D. A. MacLaren, E. J. Cussen, S. A. Corr,
Journal of Materials Chemistry A 2017, 5, 319-329.

J. Awaka, N. Kijima, H. Hayakawa, J. Akimoto, Journal of Solid State Chem-
istry 2009, 182, 2046-2052.

C. A. Geiger, E. Alekseev, B. Lazic, M. Fisch, T. Armbruster, R. Langner,
M. Fechtelkord, N. Kim, T. Pettke, W. Weppner, Inorganic Chemistry 2011,
50, 1089-1097.

M. Kotobuki, K. Kanamura, Y. Sato, T. Yoshida, Journal of Power Sources
2011, 196, T750-7754.

L. J. Miara, W. D. Richards, Y. E. Wang, G. Ceder, Chemistry of Materials
2015, 27, 4040-4047.

J. L. Allen, J. Wolfenstine, E. Rangasamy, J. Sakamoto, Journal of Power
Sources 2012, 206, 315-319.

C. Deviannapoorani, L. Dhivya, S. Ramakumar, R. Murugan, Journal of
Power Sources 2013, 240, 18-25.

D. Rettenwander, C. A. Geiger, G. Amthauer, Inorganic Chemistry 2013, 52,
8005-8009.

Y. Li, Z. Wang, Y. Cao, F. Du, C. Chen, Z. Cui, X. Guo, FElectrochimica Acta
2015, 180, 37-42.

N. Hamao, K. Kataoka, N. Kijima, J. Akimoto, Journal of the Ceramic Society
of Japan 2016, 124, 678-683.

T. Thompson, J. Wolfenstine, J. L. Allen, M. Johannes, A. Huq, I. N. David,
J. Sakamoto, Journal of Materials Chemistry A 2014, 2, 13431-13436.

Y. Li, C.-A. Wang, H. Xie, J. Cheng, J. B. Goodenough, FElectrochemistry
Communications 2011, 13, 1289-1292.

A. Logéat, T. Kohler, U. Eisele, B. Stiaszny, A. Harzer, M. Tovar, A. Senyshyn,
H. Ehrenberg, B. Kozinsky, Solid State lonics 2012, 206, 33-38.

S. Adams, R. P. Rao, Journal of Materials Chemistry 2012, 22, 1426-1434.

188



REFERENCES

[139]
[140]

141

142

[143]

[144)

[145]

[146]

[147]

[148]

[149]

[150]
[151]

[152]

[153)

[154]

[155]

H. El Shinawi, J. Janek, Journal of Power Sources 2013, 225, 13-19.

J. Wolfenstine, J. Ratchford, E. Rangasamy, J. Sakamoto, J. L. Allen, Mate-
rials Chemistry and Physics 2012, 134, 571-575.

S. Song, D. Sheptyakov, A. M. Korsunsky, H. M. Duong, L. Lu, Materials &
Design 2016, 93, 232-237.

D. Rettenwander, G. Redhammer, F. Preishuber-Pfliigl, L. Cheng, L. Miara,
R. Wagner, A. Welzl, E. Suard, M. M. Doeff, M. Wilkening, et al., Chemistry
of Materials 2016, 28, 2384-2392.

M. P. Stockham, B. Dong, P. R. Slater, Journal of Solid State Chemistry
2022, 508, 122944.

I. McClelland, H. El-Shinawi, S. G. Booth, A. Regoutz, J. Clough, S. Altus,
E. J. Cussen, P. J. Baker, S. A. Cussen, Chemistry of Materials 2022.

D. Rettenwander, R. Wagner, A. Reyer, M. Bonta, L. Cheng, M. M. Doeff,
A. Limbeck, M. Wilkening, G. Amthauer, The Journal of Physical Chemistry
C 2018, 122, 3780-3785.

Y. Kim, H. Jo, J. L. Allen, H. Choe, J. Wolfenstine, J. Sakamoto, Journal of
the American Ceramic Society 2016, 99, 1367-1374.

J. Schnell, F. Tietz, C. Singer, A. Hofer, N. Billot, G. Reinhart, Energy &
environmental science 2019, 12, 1818-1833.

S. Moitzheim, B. Put, P. M. Vereecken, Advanced Materials Interfaces 2019,
6, 1900805.

Q. Xia, F. Zan, Q. Zhang, W. Liu, Q. Li, Y. He, J. Hua, J. Liu, J. Xu, J.
Wang, et al., Advanced Materials 2023, 35, 2200538.

F. Tietz, H.-P. Buchkremer, D. Stéver, Solid State ITonics 2002, 152, 373-381.

S. Ohta, S. Komagata, J. Seki, T. Saeki, S. Morishita, T. Asaoka, Journal of
Power Sources 2013, 238, 53-56.

E. Hanc, W. Zajac, L. Lu, B. Yan, M. Kotobuki, M. Zigbka, J. Molenda,
Journal of Solid State Chemustry 2017, 248, 51-60.

K. Gao, M. He, Y. Li, Y. Zhang, J. Gao, X. Li, Z. Cui, Z. Zhan, T. Zhang,
Journal of Alloys and Compounds 2019, 791, 923-928.

Z. Jiang, S. Wang, X. Chen, W. Yang, X. Yao, X. Hu, Q. Han, H. Wang,
Advanced Materials 2020, 32, 1906221.

K. K. Fu, Y. Gong, G. T. Hitz, D. W. McOwen, Y. Li, S. Xu, Y. Wen, L.
Zhang, C. Wang, G. Pastel, et al., Energy & Environmental Science 2017,
10, 1568-1575.

189



REFERENCES

[156]

[157]

[158]

(159

[160]

[161]

[162]

163
[164]

[165]

[166]

[167]

[168]

[169]
[170]
[171]
[172]

[173]
[174)

G. T. Hitz, D. W. McOwen, L. Zhang, Z. Ma, Z. Fu, Y. Wen, Y. Gong, J. Dai,
T. R. Hamann, L. Hu, et al., Materials Today 2019, 22, 50-57.

S. Xu, D. W. McOwen, L. Zhang, G. T. Hitz, C. Wang, Z. Ma, C. Chen, W.
Luo, J. Dai, Y. Kuang, et al., Energy Storage Materials 2018, 15, 458-464.

D. W. McOwen, S. Xu, Y. Gong, Y. Wen, G. L. Godbey, J. E. Gritton, T. R.
Hamann, J. Dai, G. T. Hitz, L. Hu, et al., Advanced materials 2018, 30,
1707132.

H. Shen, E. Yi, S. Heywood, D. Y. Parkinson, G. Chen, N. Tamura, S. Sofie, K.
Chen, M. M. Doeft, ACS Applied Materials € Interfaces 2019, 12, 3494-3501.

E. Yi, H. Shen, S. Heywood, J. Alvarado, D. Y. Parkinson, G. Chen, S. W.
Sofie, M. M. Doeft, ACS Applied Energy Materials 2020, 3, 170-175.

H. Shen, E. Yi, M. Amores, L. Cheng, N. Tamura, D. Y. Parkinson, G. Chen,
K. Chen, M. Doeft, Journal of Materials Chemistry A 2019, 7, 20861-20870.

G. V. Alexander, C. Shi, J. O’Neill, E. D. Wachsman, Nature Materials 2023,
22, 1136-1143.

G. Tammann, Lehrbuch der Metallkunde, Verlag von Leiopold Voss, 1932.

Z. Cai, H. Ji, Y. Ha, J. Liu, D.-H. Kwon, Y. Zhang, A. Urban, E. E. Foley,
R. Giovine, H. Kim, et al., Matter 2021, 4, 3897-3916.

R. A. House, L. Jin, U. Maitra, K. Tsuruta, J. W. Somerville, D. P. Forster-
mann, F. Massel, L. Duda, M. R. Roberts, P. G. Bruce, Energy é Environ-
mental Science 2018, 11, 926-932.

G. Howatt, R. Breckenridge, J. Brownlow, Journal of the American Ceramic
Society 1947, 30, 237-242.

A. Heunisch, A. Dellert, A. Roosen, Journal of the Furopean Ceramic Society
2010, 30, 3397-3406.

R. Ye, C.-L. Tsai, M. Ihrig, S. Sevinc, M. Rosen, E. Dashjav, Y. J. Sohn,
E. Figgemeier, M. Finsterbusch, Green Chemistry 2020, 22, 4952-4961.

R. Moreno, Advances in Applied Ceramics 2012, 111, 246-253.
Z. Fu, A. Roosen, Journal of the American Ceramic Society 2015, 98, 20-29.
D. Hotza, P. Greil, Materials Science and Engineering: A 1995, 202, 206-217.

R. M. German, P. Suri, S. J. Park, Journal of Materials Science 2009, 44,
1-39.

H. Yamada, T. Ito, R. H. Basappa, FElectrochimica Acta 2016, 222, 648-656.

D. M. Hulbert, A. Anders, D. V. Dudina, J. Andersson, D. Jiang, C. Unuvar,
U. Anselmi-Tamburini, E. J. Lavernia, A. K. Mukherjee, Journal of Applied
Physics 2008, 104, 033305.

190



REFERENCES

[175]

[176]

[177]

178

[179]

[180]

181
182
[183]

[184]
[185]

[186]

[187]

[188]
[189)
[190]

[191]

[192]
[193]
1194]

O. Guillon, J. Gonzalez-Julian, B. Dargatz, T. Kessel, G. Schierning, J. Réthel,
M. Herrmann, Advanced Engineering Materials 2014, 16, 830-849.

S.-w. Baek, J.-M. Lee, T. Y. Kim, M.-S. Song, Y. Park, Journal of Power
Sources 2014, 249, 197-206.

S. Grasso, M. Biesuz, L. Zoli, G. Taveri, A. I. Duff, D. Ke, A. Jiang, M. J.
Reece, Advances in Applied Ceramics 2020, 119, 115-143.

M. Oghbaei, O. Mirzaee, Journal of Alloys and Compounds 2010, 494, 175—
189.

C. Wang, W. Ping, Q. Bai, H. Cui, R. Hensleigh, R. Wang, A. H. Brozena,
Z. Xu, J. Dai, Y. Pei, et al., Science 2020, 368, 521-526.

A. R. West in Solid state chemistry and its applications, 2nd edition, student
edition, John Wiley & Sons, 2014.

H. M. Rietveld, Journal of Applied Crystallography 1969, 2, 65-71.
B. H. Toby, Powder Diffraction 2006, 21, 67-70.

B. H. Toby, R. B. Von Dreele, Journal of Applied Crystallography 2013, 46,
544-549.

G. Harding, J. Kosanetzky, U. Neitzel, Medical physics 1987, 14, 515-525.

G. Materlik, T. Rayment, D. I. Stuart, Diamond Light Source: status and
perspectives, 2015.

K. M. Jensen, X. Yang, J. V. Laveda, W. G. Zeier, K. A. See, M. Di Michiel,
B. C. Melot, S. A. Corr, S. J. Billinge, Journal of The Electrochemical Society
2015, 162, A1310.

M. Basham, J. Filik, M. T. Wharmby, P. C. Chang, B. El Kassaby, M.
Gerring, J. Aishima, K. Levik, B. C. Pulford, 1. Sikharulidze, et al., Journal
of Synchrotron Radiation 2015, 22, 853-858.

P. Raybaut, Available online at: pythonhosted. org 2009.
B. Ravel, M. Newville, Journal of Synchrotron Radiation 2005, 12, 537-541.

H. Li, J. Li, J. Bodycomb, G. S. Patience, The Canadian Journal of Chemical
Engineering 2019, 97, 1974-1981.

S. S. Berbano, M. Mirsaneh, M. T. Lanagan, C. A. Randall, International
Journal of Applied Glass Science 2013, 4, 414-425.

J. T. Irvine, D. C. Sinclair, A. R. West, Advanced Materials 1990, 2, 132-138.
R. C. Agrawal, 1999.

J. B. Wagner, C. Wagner, The Journal of Chemical Physics 1957, 26, 1597
1601.

191



REFERENCES

[195]
[196]

197]

[198]

[199]

[200]

[201]

[202]

203]

1204]

205

206

[207]

208

209

[210]

[211]

R. A. Huggins, lonics 2002, 8, 300-313.

N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree, T. T. Eisenhart,
J. L. Dempsey, Journal of Chemical Education 2018, 95, 197-206.

Comsol Multiphysics® v. 6.1, COMSOL AB, Stockholm, Sweden.

P. D. Battle, A. M. Bell, S. J. Blundell, A. 1. Coldea, E. J. Cussen, G. C.
Hardy, I. M. Marshall, M. J. Rosseinsky, C. A. Steer, Journal of the American
Chemical Society 2001, 123, 7610-7615.

I. Kokal, M. Somer, P. Notten, H. Hintzen, Solid State lonics 2011, 185,
42-46.

K. Hofstetter, A. J. Samson, S. Narayanan, V. Thangadurai, Journal of Power
Sources 2018, 390, 297-312.

H. Huo, J. Luo, V. Thangadurai, X. Guo, C.-W. Nan, X. Sun, ACS Energy
Letters 2019, 5, 252-262.

S. Zhao, X. Zhu, W. Jiang, Z. Ji, M. Ling, L. Wang, C. Liang, Materials
Chemistry Frontiers 2021, 5, 7452-7466.

Q. Liu, Z. Geng, C. Han, Y. Fu, S. Li, Y.-b. He, F. Kang, B. Li, Journal of
Power Sources 2018, 389, 120-134.

H. Koshikawa, S. Matsuda, K. Kamiya, M. Miyayama, Y. Kubo, K. Uosaki,
K. Hashimoto, S. Nakanishi, Journal of Power Sources 2018, 376, 147-151.

T. Krauskopf, H. Hartmann, W. G. Zeier, J. Janek, ACS Applied Materials
& Interfaces 2019, 11, 14463-14477.

W. Manalastas Jr, J. Rikarte, R. J. Chater, R. Brugge, A. Aguadero, L.
Buannic, A. Llordés, F. Aguesse, J. Kilner, Journal of Power Sources 2019,
412, 287-293.

H. Liu, X.-B. Cheng, R. Xu, X.-Q. Zhang, C. Yan, J.-Q. Huang, Q. Zhang,
Advanced Energy Materials 2019, 9, 1902254.

H. Huo, J. Liang, N. Zhao, X. Li, X. Lin, Y. Zhao, K. Adair, R. Li, X. Guo,
X. Sun, ACS Energy Letters 2020, 5, 2156-2164.

J. Zhu, X. Li, C. Wu, J. Gao, H. Xu, Y. Li, X. Guo, H. Li, W. Zhou,
Angewandte Chemie International Edition 2021, 60, 3781-3790.

C.-L. Tsai, V. Roddatis, C. V. Chandran, Q. Ma, S. Uhlenbruck, M. Bram,
P. Heitjans, O. Guillon, ACS Applied Materials € Interfaces 2016, 8, 10617—
10626.

B. Wu, S. Wang, J. Lochala, D. Desrochers, B. Liu, W. Zhang, J. Yang, J.
Xiao, Energy & Environmental Science 2018, 11, 1803-1810.

192



REFERENCES

[212]

[213]

[214]

[215]

[216]

[217]
[218]
[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

T. Dussart, N. Rividi, M. Fialin, G. Toussaint, P. Stevens, C. Laberty-Robert,
Journal of The FElectrochemical Society 2021, 168, 120550.

Y.-T. Chen, A. Jena, W. K. Pang, V. K. Peterson, H.-S. Sheu, H. Chang,
R.-S. Liu, The Journal of Physical Chemistry C' 2017, 121, 15565-15573.

Y. Ren, Y. Shen, Y. Lin, C.-W. Nan, Electrochemistry Communications 2015,
57, 27-30.

K. Momma, F. Izumi, Journal of Applied Crystallography 2011, 44, 1272—
1276.

J. H. Scofield, Journal of Electron Spectroscopy and Related Phenomena 1976,
8, 129-137.

S. Ruddlesden, P. Popper, Acta Crystallographica 1958, 11, 54-55.
L. Vegard, Zeitschrift fiir Physik 1921, 5, 17-26.

R. T. Shannon, C. T. Prewitt, Acta Crystallographica Section B: Structural
Crystallography and Crystal Chemistry 1969, 25, 925-946.

A. J. Samson, K. Hofstetter, E. Wachsman, V. Thangadurai, Journal of The
Electrochemical Society 2018, 165, A2303.

X. Cheng, J. Huang, W. Qiang, B. Huang, Ceramics International 2020, 46,
3731-3737.

J. C. Burley, P. D. Battle, D. J. Gallon, J. Sloan, C. P. Grey, M. J. Rosseinsky,
Journal of The American Chemical Society 2002, 124, 620-628.

M. Philipp, B. Gadermaier, P. Posch, I. Hanzu, S. Ganschow, M. Meven,
D. Rettenwander, G. J. Redhammer, H. M. R. Wilkening, Advanced Materials
Interfaces 2020, 7, 2000450.

S. Heo, D. Lee, K. Kim, Y. Kim, D.-J. Yun, S. Park, J. Lee, S. Kim, J.-S. Kim,
S. Park, Journal of Power Sources 2021, 510, 230389.

X. He, F. Yan, M. Gao, Y. Shi, G. Ge, B. Shen, J. Zhai, ACS Applied Materials
& Interfaces 2021, 138, 42212-42219.

A. Baniya, A. Gurung, J. Pokharel, K. Chen, R. Pathak, B. S. Lamsal, N.
Ghimire, R. S. Bobba, S. I. Rahman, S. Mabrouk, et al., ACS Applied Energy
Materials 2022, 5, 648-657.

I. Davidson, R. McMillan, J. Murray, J. Greedan, Journal of Power Sources
1995, 54, 232-235.

J. Reimers, E. W. Fuller, E. Rossen, J. Dahn, Journal of the Electrochemical
Society 1993, 140, 3396.

The Materials Project, 2020, DOI 10.17188/1298927.

193



REFERENCES

230

[231]

[232]

[233]

[234]

[235]

[236]

237]
23]

239

[240]

[241]
[242]

[243]
244

T. F. Scientific - US, Manganese X-ray photoelectron spectra, manganese
electron configuration, and other elemental information.

Accessed: 13/06/2023, https : //www . thermofisher . com/uk/en/home/
materials - science/learning- center/periodic-table/transition-

metal/manganese.html.

A. Vamvakeros, D. Matras, T. E. Ashton, A. A. Coelho, H. Dong, D. Bauer,
Y. Odarchenko, S. W. Price, K. T. Butler, O. Gutowski, A. C. Dippel, M.
von Zimmerman, J. A. Darr, S. D. M. Jacques, A. M. Beale, Small Methods
2021, 5, 2100512.

D. Matras, T. Ashton, H. Dong, M. Mirolo, I. Martens, J. Drnec, J. Darr,
P. Quinn, S. Jacques, A. Beale, et al., Journal of Power Sources 2022, 539,
231589.

D. P. Finegan, A. Vamvakeros, L. Cao, C. Tan, T. M. Heenan, S. R. Daemi,
S. D. Jacques, A. M. Beale, M. Di Michiel, K. Smith, et al., Nano letters
2019, 19, 3811-3820.

D. P. Finegan, A. Vamvakeros, C. Tan, T. M. Heenan, S. R. Daemi, N.
Seitzman, M. Di Michiel, S. Jacques, A. M. Beale, D. J. Brett, et al., Nature
Communications 2020, 11, 631.

S. R. Daemi, C. Tan, A. Vamvakeros, T. M. Heenan, D. P. Finegan, M. Di
Michiel, A. M. Beale, J. Cookson, E. Petrucco, J. S. Weaving, et al., Physical
Chemistry Chemical Physics 2020, 22, 17814-17823.

M. V. Blanco, D. Devaux, A.-M. Valtavirta, C. Cosculluela, Y. Watier, L.
Quazuguel, M. Deschamps, M. Lecuyer, R. Bouchet, F. Cova, Journal of The
Electrochemical Society 2020, 167, 160517.

L. Tong in COMSOL Conference, 2016.

A. Vamvakeros, S. D. Jacques, M. Di Michiel, P. Senecal, V. Middelkoop, R. J.
Cernik, A. M. Beale, Journal of Applied Crystallography 2016, 49, 485—496.

A. Vamvakeros, S. D. Jacques, M. Di Michiel, V. Middelkoop, C. K. Egan,
R. J. Cernik, A. M. Beale, Journal of Applied Crystallography 2015, 48,
1943-1955.

A. Bernasconi, J. Wright, N. Harker, Powder Diffraction 2015, 30, S2-S8.
A. Vamvakeros et al., nDTomo software suite, 2019.

H. Issaoui, F. Issaoui, E. Dhahri, E. Hlil, Journal of Low Temperature Physics
2021, 203, 143-157.

K. S. Aleksandrov, Crystallography Reports 1995, /0.
J. Bauerle, Journal of Physics and Chemistry of Solids 1969, 30, 2657-2670.

194



REFERENCES

|245]

[246]

[247]

[248]

[249]
[250]

[251]

[252]

[253]

[254]

[255]

(256

[257]

258

[259)

[260]

[261]

[262]

S. S. Faouri, A. Mostaed, J. S. Dean, D. Wang, D. C. Sinclair, S. Zhang,
W. G. Whittow, Y. Vardaxoglou, I. M. Reaney, Acta Materialia 2019, 166,
202-207.

C. Kennedy, D. Sinclair, I. Reaney, J. Dean, Journal of Applied Physics 2019,
125.

K. V. Kravchyk, F. Okur, M. V. Kovalenko, ACS Enerqgy Letters 2021, 6,
2202-2207.

J. Schnell, T. Giinther, T. Knoche, C. Vieider, L. Kohler, A. Just, M. Keller,
S. Passerini, G. Reinhart, Journal of Power Sources 2018, 382, 160—175.

K. J. Kim, J. L. Rupp, Energy & Environmental Science 2020, 13, 4930-4945.

S. Xu, D. W. McOwen, C. Wang, L. Zhang, W. Luo, C. Chen, Y. Li, Y. Gong,
J. Dai, Y. Kuang, et al., Nano letters 2018, 18, 3926-3933.

Y. Ji, C. Zhou, F. Lin, B. Li, F. Yang, H. Zhu, J. Duan, Z. Chen, Materials
2020, 13, 560.

E. Yi, W. Wang, J. Kieffer, R. M. Laine, Journal of Power Sources 2017,
352, 156-164.

D. Panthi, N. Hedayat, Y. Du, Journal of Advanced Ceramics 2018, 7, 325—
335.

R. Moreno, G. Cordoba, Journal of the European Ceramic Society 1997, 17,
351-357.

C. Wang, W. Luan, Z. Zeng, X. He, Z. Liu, J. H. Wang, Polymer Bulletin
2023, 80, 6363-6383.

Y. Shimonishi, A. Toda, T. Zhang, A. Hirano, N. Imanishi, O. Yamamoto,
Y. Takeda, Solid State Ionics 2011, 183, 48-53.

X. Song, T. Zhang, T. D. Christopher, Y. Guo, S. Huang, Y. Liu, T. Sohnel,
P. Cao, Journal of the European Ceramic Society 2022, /2, 5023-5028.

F. Shen, W. Guo, D. Zeng, Z. Sun, J. Gao, J. Li, B. Zhao, B. He, X. Han,
ACS Applied Materials € Interfaces 2020, 12, 30313-30319.

X. Zhang, T.-S. Oh, J. W. Fergus, Journal of the Electrochemical Society
2019, 166, A3753.

X. Zhang, X. Guan, Y. Zhang, W. Zhang, Q. Shen, Journal of Power Sources
2023, 556, 232459.

L. Yang, X. Huang, C. Zou, X. Tao, L. Liu, K. Luo, P. Zeng, Q. Dai, Y. Li,
L. Yi, et al., Ceramics International 2021, 47, 18196-18204.

Y. Li, Y. Cao, X. Guo, Solid State Ionics 2013, 253, 76-80.

195



REFERENCES

[263] N. Hoinkis, J. Schuhmacher, T. Fuchs, S. Leukel, C. Loho, A. Roters, F. H.
Richter, J. Janek, ACS Applied Materials & Interfaces 2023.

[264] N. C. Rosero-Navarro, T. Yamashita, A. Miura, M. Higuchi, K. Tadanaga,
Journal of the American Ceramic Society 2017, 100, 276-285.

[265] A. Basin, A. Kaplun, A. Meshalkin, N. Uvarov, Russian Journal of Inorganic
Chemistry 2008, 53, 1509-1511.

[266] Thermo Fisher Scientific - US, Lithium Phosphate (LisPO,), CAS No: 10377-
52-3,
Accessed: 29/08/2023, https://www.fishersci.at/store/msds?partNumber=
10569413&countryCode=AT&language=en.

[267] R. Wagner, G. J. Redhammer, D. Rettenwander, G. Tippelt, A. Welzl, S. Taibl,
J. Fleig, A. Franz, W. Lottermoser, G. Amthauer, Chemistry of Materials
2016, 28, 5943-5951.

[268] C. Zheng, Y. Ruan, J. Su, Z. Song, T. Xiu, J. Jin, M. E. Badding, Z. Wen,
Chemical Engineering Journal 2021, 411, 128508.

[269] W. Jeong, S. S. Park, J. Yun, H. R. Shin, J. Moon, J.-W. Lee, Energy Storage
Materials 2023, 54, 543-552.

[270] M. A. Groeber, M. A. Jackson, Integrating materials and manufacturing
imnovation 2014, 3, 56-72.

[271] R. A. Jonson, E. Yi, F. Shen, M. C. Tucker, Energy & Fuels 2021, 35, 8982
8990.

[272] R. A. Jonson, P. J. McGinn, Solid State lonics 2018, 323, 49-55.

196



