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Abstract

All-solid-state lithium batteries are of great interest scientifically as a next-generation of

electrochemical energy storage devices, owing to their superior safety features and their

potential to enable new chemistries to improve performance. The properties of the solid

state electrolyte are integral to the overall cell capability – to date the most promising

group of materials are the garnet-structured oxides, based on Li7La3Zr2O12 (LLZO), with

high room temperature ionic conductivity and a wide electrochemical stability window.

There are several aspects in the development of this relatively newmaterial which are yet

to be fully understood – these are the focus of this thesis.

In this work, processing cubic doped LLZO as a bulk ceramic was investigated

and served as a basis for understanding its stability and electrochemical performance;

it was optimised to obtain highly dense microstructures under atmosphere-controlled

conditions to prevent reaction with moisture. Chemical inhomogeneities in the pellets,

especially at the grain boundaries, as investigated by secondary ion mass spectrometry

(SIMS) and low energy ion scattering, were shown to be important in determining

the transport properties of the electrolyte - in particular the propensity for dendrite

formation during cell cycling. It was shown that aluminium-rich grain boundaries in

aluminium-doped LLZO favour the formation of inter-granular lithium dendrites (with

a 60 % lower critical current density for cell failure) over gallium-doped LLZO.

The use of germanium (Ge
4+
) as a dopant was studied, and shown to stabilise the

cubic LLZO phase through substitution of 0.10 moles of Ge at the lithium sub-lattice

(at the tetrahedral 24d sites), giving conductivities of the order 10
−4

S cm
−1

and redox

stability over a 4.5V range with lithium electrodes. Chemical and electrochemical

characterisation of the moisture reactivity of gallium-doped LLZO was also carried

out, showing a chemically-altered proton-rich region extending to 1.35µm following

30 minutes immersion in H2O at 100
◦
C and highly reactive grain boundaries. These

chemical changes led to a threefold increase in the resistance of both the electrolyte and

the interface with lithium electrodes. Chemical and tracer diffusivity of protons were

estimated from the diffusion profiles of H
+
and D

+
obtained by SIMS depth-profiling.

A new methodology for measuring macroscopic lithium tracer diffusion in LLZO

was introduced, using SIMS depth-profiling and isotopic labelling, in which a number of

experimental parameters were varied to optimise the technique. The preliminary results

for lithium diffusivity in doped LLZO obtained from this method were compared with

values from other methods (impedance and nuclear magnetic resonance) and used to

comment on the mechanism for lithium diffusion in the materials.
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Chapter 1

Introduction

This introductory chapter serves to set the context for the scientific work reported

in this thesis and the applications which are, and are expected to be, made possible

through the research being conducted by the scientific community in this field. In this

chapter, the rationale for research within the field of energy storage materials, especially

next-generation lithium batteries in the form of all-solid-state batteries, is discussed.

These future energy storage devices are required for enabling a low-carbon, sustainable

economy in order to mitigate anthropogenic global climate change and pollution whilst

meeting future energy demands.

1.1 Motivation and Rationale

Energy policy today is more pertinent and complex than at any time before in human

history. The demand for energy is increasing as a result of a growing population and

global development, and it is expected that energy consumption will increase by over half

by 2030 [1].

Much of our global energy generation relies on the combustion of fossil fuels, with

over 80% of global energy supply provided by coal, oil and gas combined in 2015 [2].

The burning of these fuels results in emission of CO2 and other greenhouse gases, which

are known factors in their contribution to global warming and climate change [3], of

which energy-related emissions account for at least two-thirds of total emissions [2]. The

effects of climate change are expected to have a significant impact on the future of man’s

existence on earth, and already we are feeling its effects: the latest studies from NASA’s

Goddard Institute for Space Studies (see Figure 1.1a) shows that 2016 was the warmest

year globally since records began in 1880, and apart from 1998, the ten warmest years on

record have all occurred since the year 2000 [4]. The consequences of global warming

are likely to involve increasing incidences of extreme weather events across the world,

including droughts in some areas, floods and turbulent weather in others [5], and already

these types of events are becoming increasingly frequent and more radical in nature [6].

What is more, the social cost and impact of climate change is expected to affect the poorest

people in the world the soonest and hardest of all [7].

The use of fossil fuels also has implications on energy security - they are a finite
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(a) (b)

Figure 1.1: (a) Global land-ocean temperature index, illustrating the change in global

surface temperature relative to 1951-1980 average temperatures. Data from NASA’s

Goddard Institute for Space Studies (GISS) [4]; (b) total crude oil production from the

North Sea, and oil price in dollars per barrel [3].

resource and, as accessible, more affordable reserves run out, so their supply looks

uncertain. For many nations, including the UK, where access to fossil fuels is diminishing

(Figure 1.1b), being able to produce and store energy without relying on fuel supply from

other nations subject to geopolitical instability, thus avoiding supply disruption and an

‘energy gap’ [3], is a very real need.

In order to mitigate the advancement of global warming and move away from fossil

fuels, we need to utilise alternative, sustainable sources of energy, in particular renewable

energies such as solar andwind. However, the successful implementation of these energy

sources relies on extensive development of renewable energy technologies to lower their

associated costs and improve their energy production capabilities. In addition, because

these alternative energy supplies (including nuclear) are not able to be turned on and off

as and when the demand is there, a future sustainable energy economy requires a way

of storing this energy, coupling the variable supply to the changeable demand, and also

allowing energy to be released into the grid as electricity during peak hours when it is

more valuable [8].

A number of electrical energy storage systems currently exist, storing the energy as

mechanical, chemical and thermal energy. Currently the most widely used technology

in worldwide energy storage is pumped hydro, accounting for over 99% of total storage

capacity, followed by compressed air [9]. Pumped hydro has a high efficiency (greater

than 80%) and low cost per unit stored energy [9], but can be costly to setup and is

geographically-dependent, with a finite number of available sites. Compressed air energy

storage is still in development and currently has limited market uptake.

Electrochemical energy systems are able to provide a much higher energy density

than these physical systems; however the cost-performance balance is too high for many

of these. Current lithium ion battery technologies are the most promising for small (a

few kWh) andmedium (a few 100 kWh) systems, where performance and autonomy (the

maximum amount of time the system can continuously release energy, defined by the
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ratio of energy capacity to maximum discharge power) are important [8], but in order

for scale up of these technologies to happen, costs need to be reduced and performance

improvements made.

In addition to stationary storage for large-scale energy systems, the electrification of

transport is a step towards ending fossil fuel use (provided the energy to generate the

electricity is renewables-generated), and for this application the lithium ion battery is a

strong candidate, and is already being adopted in commercial electric and hybrid electric

vehicles [10]. However, existing lithium ion batteries have a number of shortcomings for

these applications, relating to their safety features, driving range, cost and relatively low

power density. The consumer electronics market has, however, driven down the cost of

lithium ion batteries, with recent estimates placing the cost of producing lithium ion cells

from $145 (kWh)
−1

and the cost of a battery pack as low as $190 (kWh)
−1
. The goal of most

automotivemanufacturers and theUSDepartment of Energy is $125 (kWh)
−1

for a battery

pack by 2022, based on a $3.50 per gallon oil price [10, 11]. Despite these advances, new

emerging chemistries based on lithium ion need further development in order to achieve

the desired energy output, safety and reliability for implementation in a next-generation

of energy storage devices.

1.2 Lithium Ion Batteries

As discussed in the previous section, lithium ion batteries have the potential to contribute

significantly to storing energy cheaply and efficiently, ready to be used as electricity.

However, in order to be used in large scale applications such as grid storage (and to enable

grid peak-shaving, reducing electrical power consumption during periods of maximum

demand) and in electric vehicles, considerable progress is needed to increase the energy

density and safety whilst lowering cost.

The term ‘battery’ is used to describe a transducer composed of one or more

interconnected electrochemical cells containing positive and negative electrodes (mixed

ionic-electronic conductors) separated by an ion-conducting electrolyte, used for the

generation of electric current from stored chemical energy. Of those which are

commercially available, secondary lithium ion batteries (first released in 1991 by Sony)

allow reversible charge and discharge cycling and provide the greatest energy densities.

They are based on intercalation chemistry at the anode and cathode (Figure 1.2).

During discharge, the anode (chemical potential µa) is oxidised as electrons flow

through an external circuit, causing the cathode (chemical potential µc) to be reduced.

At the same time, Li
+
ions are transported from the anode through the electrolyte and

intercalated into the cathode. The electrolyte enables the separation of ionic and electronic

transport in the system and in an ideal case will have a transport number (defined as the

fraction of the total current carried by a given ion in an electrolyte) for lithium, τLi, equal

to one. The equilibrium voltage V0 is the difference in chemical potentials of the lithium

atoms in the two electrode materials (redox pair) in the absence of an applied current,

given inEquation 1.1, where F is the Faraday constant (the charge ononemole of electrons)
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Figure 1.2: Schematic of a commercially available lithium ion battery consisting of a

graphite anode and a layered LiCoO2 cathode on discharge, and a conducting organic

electrolyte. Adapted from a figure by Johnson Matthey Battery Systems [12].

and n is the number of electrons transferred per mole, such that nF is the total charge

transferred during the reaction.

µa − µc

nF
� V0 (1.1)

In the absence of an applied voltage, the chemical potential (µ) and electrochemical

potential (µ̄) are equivalent; however to reverse the reaction (charge the cell), a potential

(φ) is applied and the electrochemical potential is described by Equation 1.2, where z is

the ionic charge.

µ̄ � µ + zFφ (1.2)

In the Sony cell comprising graphite and perovskite LiCoO2 electrodes, the overall

electrochemical reaction is given by the half-cell potentials at the anode and cathode in

Table 1.1 [13], where ϕ0
is the standard redox potential of the electrodes and E0

is the

standard cell potential.

Table 1.1: Electrochemical reactions at the anode, cathode, and in the overall cell for the

commercial graphite-LiCoO2 cell, and their corresponding potentials, vs. the standard

hydrogen electrode [13].

LixC
 C + xLi
+
+ xe

− ϕ0
= −2.90V Anode

Li1−xCoO2 + xLi
+
+ xe

−
 LiCoO2 ϕ0
= 1.20V Cathode

LixC + Li1−xCoO2
 C + LiCoO2 E0
= 4.10V Total

During charging above x � 0.5, the delithiated Li1−xCoO2 cathode structure

can undergo surface reactions and is unstable, leading to evolution of oxygen and

decomposition of the material. This is the result of changes in the electronic and

magnetic state of CoO6 octahedra caused by overlapping Co d-orbital and O p-orbital

bands following lithiation. As lithium is extracted during charge, Co
3+

is oxidised to
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Co
4+

and electron holes are created and trapped as the peroxide (O2)
2−
, which eventually

combine and result in oxygen gas evolution. The operating voltage during discharge

decreases from the theoretical maximum of 4.1V to a cut-offminimum value of about 3V,

with an average value of about 3.6V over the discharge cycle [14]. The fact that not all of

the lithium can be reversibly intercalated limits the practical capacity of the cell to about

half of the theoretical value calculated from Faraday’s laws (Equation 1.3) to 130Ahkg
−1

[15].

As illustrated by the limitations of the LiCoO2-based battery, one of the biggest

challenges faced by researchers in the development of battery technologies is to improve

the cell performance in terms of enhancing the amount of energy stored in the cell by

increasing the energy density of lithium batteries. The energy density (in Whg
−1

or

Wh cm
−3
) of a battery is determined by the product of the equilibrium voltage V0 of the

cell and the capacity Q of reversible charge transfer between the anode and cathode per

unit weight (Ahg
−1
) or unit volume (Ah cm

−3
). The capacity is given by Equation 1.3 and

is defined as the amount of charge per unit weight (or unit volume) that is transported

outside the cell during discharge at a constant current Idis over time. Mw in Equation 1.3

is the molecular mass of the active electrode material, and gives a gravimetric capacity in

Ahg
−1
, where the scaling factor 3600 converts Coulombs (A s) to the conventional unit,

Ah.

Q �
nF

3600Mw

(1.3)

Hence Q and V0 need to bemaximised in order to increase energy density, by selecting

chemical redox couples with lightweight elements and dense particle morphologies, and

large differences in reduction potentials (giving the cell a large electrochemical window).

Varioushighvoltage cathodes (greater than 4Vvs. Li
+/Li) are beingdeveloped alongwith

the use of lithium metal as an anode material. Lithium has the most negative available

redox potential of −3.04V relative to the standard hydrogen electrode [16], and is the

lightest metal in the periodic table, with a specific gravity, ρ, of 0.53 g cm−3
. It has a high

theoretical gravimetric capacity of 3.86Ahg
−1
, and can act as its own current collector,

thus facilitating design of high energy density storage systems [13, 17, 18]. However,

during continuous plating/replating cycles, the metal has a tendency to form dendrites

with the consequent risk of short-circuit and thermal runaway when used with a liquid

electrolyte, as well as reacting with the liquid until a stable solid-electrolyte interphase

(SEI) formsas aprotectivebarrier to further reaction. Furthermore, commercially available

liquid electrolytes are not electrochemically stable against Li.

Thus a high voltage approach requires the development of new and stable electrolytes

which canwithstand electrochemical reactionwith the electrodes under these conditions.

To achieve thermodynamic stability during cell operation, a large electrochemical stability

window (Eg) is required in which the electrochemical potential of the anode (µ̄a) and

cathode (µ̄c) must sit within the lowest unoccupied and highest occupied molecular

orbitals (LUMO and HOMO, respectively) of the electrolyte (Figure 1.3), thus avoiding

the need for a protective SEI layer.
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Figure 1.3: Relative energies of the anode and cathode electrochemical potentials, µ̄a and

µ̄c, the equilibrium voltage V0 and the electrolyte window Eg, to achieve thermodynamic

stability of the electrode and electrolyte.

1.3 All-Solid-State Batteries

All-solid-state lithium batteries contain anode, cathode and electrolyte in solid state form,

and are a potential technology for the next generation of energy storage solutions for

grid-level, automobile and consumer electronics. By using a solid state electrolyte in

place of a traditional liquid, many of the limitations of conventional lithium ion batteries

(particularly in the case of electric vehicles where energy density and safety are critical)

can be addressed. Their wide electrochemical window offers the possibility of making

use of higher voltage cathodes and metallic anodes, translating into devices enabling

larger energy densities for increased driving range between charges in transportation

applications. Importantly, by removing the highly flammable organic electrolyte, serious

safety issues can be avoided, particularly in the large-format battery packs used in electric

vehicles where explosions and fires have attracted much media attention in recent years.

Higher operating temperatures, longer cycle life [19] and longer shelf life [20] are all

expected to be possible with solid electrolytes owing to their greater stability over their

liquid analogues.

There are two general classes of solid state electrolyte materials: lithium conducting

inorganic ceramics or glasses, and organic polymers. Currently, polymeric lithium

conductors are market leading; however, most are hybrid systems, coupling a polymer

with a plasticising organic solvent, leading to safety concerns, leakage and corrosion,

as well as barriers to miniaturisation [21]. A promising alternative is to use a

ceramic electrolyte. This could be integrated into the cell to form an all-solid-state

battery or as a lithium-conducting ceramic membrane acting as a mediator between

the cathode-electrolyte and anode-electrolyte compartments.

A viable electrolyte must have an ionic conductivity of at least 1mS cm
−1

at room

temperature [22]. The biggest challenge for solid state lithium battery development is

to achieve high power densities (units of Wg
−1

or Wcm
−3
), a property which is limited

by both slow lithium transport through the solid electrolyte (lithium ion conductivity)

and the interfacial compatibility and kinetics at the electrolyte-electrode interface. For
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this reason, understanding and optimising the lithium ion kinetics in the bulk and at the

interfaces of solid state battery electrolytes and electrodes is essential for the development

of next-generation batteries [23–26].

1.4 In this Thesis

The aim of this work is to investigate the transport properties and reactivity of one

particular family of ceramic lithium-conducting electrolytes, the garnet-structured oxides.

These materials, based on the formula Li7La3Zr2O12 (LLZO), are widely viewed as one

of the most promising families of electrolyte materials for use in solid state lithium ion

conducting batteries, owing to their large electrochemical window, good lithium ion

conductivity and chemical stability against lithium metal. These materials are reviewed

extensively in Chapter 3. The properties of these materials are investigated through a

number of experimental studies, using the experimental methods described in Chapter

4. Firstly, the factors which contribute to optimal ionic conductivity during synthesis

(relating to doping strategies and synthesis conditions) are studied in Chapter 5, intended

to build on and make sense of existing research. Next, the stability of LLZO in air

and water is investigated in Chapter 6, and the associated degradation processes are

characterised, chemically and electrochemically, to develop a good understanding of

moisture reactivity and its effect on the performance of LLZO in an electrical device, as

well as the associated handling and operating implications. In Chapter 7, an experimental

method for determining macroscopic diffusion of lithium in LLZO is introduced, using a

stable lithium isotope technique. It is shown to be a promising complimentary technique

for observing true long-rangediffusionof lithium ions in lithiumconductors, given further

development. Finally, Chapter 8 dealswith the lithiumdendrite problem in solid state cell

setups using garnet electrolyte with a lithium metal electrode, which occurs during cell

cycling above a composition-dependent variable threshold current density and results in

cell failure. Chemical analysis is used to attempt to explain the mechanism for dendrite

formation and propagation.
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Chapter 2

Theoretical Considerations

This chapter serves to give an outline of the basic theory underlying ionic transport

in ceramics, and the role of defects in enabling this. The theory of diffusion and its

application to ionic conductors is explored, and is extended to include a discussion of

the measurement of ionic diffusion in ceramic materials (in particular the diffusion of

lithium) by various experimental techniques. Isotopic tracer diffusion is placed under

special focus, as it is included in this thesis as a technique for measuring proton (H
+
) and

lithium ion (Li
+
) mass transport. Finally, the fundamentals of electrochemistry in lithium

ion batteries is explained and related to the main challenges facing their development,

and applied to an all-solid-state battery framework.

2.1 Defect Chemistry and Ionic Transport

In electrochemical energy storage systems such as lithium batteries, the lithium defects

are mobile and the other defects are generally considered frozen owing to the operation

temperature (nominally room temperature) being lower than the melting points of the

electrode and electrolyte materials [27]; however, there are some exceptions to this [28].

Defect chemistry needs to be considered to understand the equilibrium behaviour and

charge/discharge properties of the system.

2.1.1 Defects in Crystals

A defect is a deviation from an idealised crystal structure, and such imperfections

determine a multitude of properties such as electrical, diffusional, mechanical and

optical characteristics. Defects are classified into two main categories depending

on their dimensionality, namely point defects and extended defects. Point defects

(zero-dimensional) occur where atoms are missing (vacancies) or occupy the interstices

between normal sites (interstitials); substituted atoms are also classed as point defects.

Extended defects can include one-dimensional line defects, such as dislocations, and

two-dimensional planar defects, which describe a discontinuity in the crystal structure,

such as a grain boundaries. Three-dimensional defects also exist, and are aggregates of

atoms or vacancies [29, 30]. Here the discussion will be limited to point defects occurring
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in oxides.

The introduction of defects in a crystal must obey charge neutrality, which means that

defects often appear in pairs of opposite effective charge. Effective charge describes the

electrical charge a defect carries relative to its surrounding lattice, and as such the net

excess charge given to the crystal when the defect is introduced. It can be described by

Kröger-Vink notation [31], where a defect carrying an effective single positive charge bears

a superscript dot (
•
), and a defect carrying an effective negative charge bears a superscript

prime (
′
).1

Electronic defects can also be used to charge-compensate ionic defects. For example,

an oxygen vacancy V••
O

may be neutralised by a divalent cation vacancy V′′
cation

(a Schottky

Pair, see below), but it may also be compensated by being associated with two electrons,

2e’. Likewise, a divalent cation vacancy might be compensated by association with two

positive holes (absence of an electron).

Intrinsic Defects

Intrinsic defects are thermally generated in a perfect crystal through disorder and, at all

temperatures above absolute zero, a statistical description akin toBoltzmann’s distribution

can be used to quantify the expected defect concentration. This is because the change in

the Gibbs free energy ∆G of the system given by Equation 2.1 is thermodynamically

favourable if the non-configurational2 entropy change ∆S is greater than the defect

formation enthalpy ∆H, which holds for defect formation at a given temperature T above

0K as disorder is generated in the system.

∆G � ∆H − T∆S (2.1)

The equilibration concentrations of defects (where the Gibbs free energy is at a

minimum) in a simple binary oxide MO are given by Equations 2.2 and 2.3 [30]:

nS ≈ N exp

{
− ∆HS

2kT

}
(2.2)

nF ≈ (NN′)1/2 exp

{
− ∆HF

2kT

}
(2.3)

where nS and nF are Schottky and Frenkel defect concentrations, respectively (see below

for a description of these types of disorder); ∆HS and ∆HF are the enthalpy changes

accompanying the formation of the associated defects; N is the concentration of anions or

cations and N′ is the concentration of available interstitial sites; k is Boltzmann’s constant.

Typically, ∆HS ∼ 2 eV, such that at 1000K, nS/N ∼ 10
−6

i.e. 1 ppmdefect concentration

[32, 33]. Higher defect concentrations can be retained at room temperature if cooling is

1In Kröger-Vink notation the main body of the notation identifies the species (e.g. a Zr for a Zr ion or V

for a vacancy) and the subscript denotes the lattice site which the species is occupying in the host lattice (i is

used for an interstitial). Superscript × denotes zero effective charge.

2Non-configurational entropy is associated with changes in lattice strain and vibrational frequencies

accompanying the defect; configurational entropy is due to the possible arrangement of the defects and is

accounted for in the expression.
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rapid compared to the rate at which the defect is eliminated.

The two most common causes of crystalline point defects are Frenkel- and Schottky-

disorder. A Frenkel defect is a misplaced ion, so a crystal with Frenkel disorder contains

vacancy-interstitial pairs caused by ion migration to an interstitial position. Frenkel

defects depend on the existence in a lattice of empty spaces that can accommodate

displaced ions. An example of a Frenkel defect is a Zr
4+

ion occupying interstitial sites

in the ZrO2 fluorite structure, described by Equation 2.4 in Kröger Vink notation, where

V
′′′′
Zr

is a zirconium vacancy, Zr
i

is the Zr interstitial and ’null’ indicates the creation of

defects from a perfect lattice.

null
 V
′′′′
Zr

+ Zr
i

(2.4)

Anti-Frenkel defects are so called because instead of a cation interstitial, an anion

occupies the interstitial site, creating a vacancy with positive effective charge, for example

the fluoride interstial F
′
i
in the fluorite CaF2 structure (Equation 2.5).

null
 V
F
+ F
′
i

(2.5)

Schottky defects consist of both cation and anion vacancies in stoichiometric amounts

to maintain charge neutrality. This involves the creation of new lattice sites in the

stoichiometric ratio, i.e. the crystal gets larger, which is measurable in metals. In ZrO2,

this may be written as:

null
 V
′′′′
Zr

+ 2V
O

(2.6)

Extrinsic Defects

Extrinsic defects may be created in a solid solution as substitutional or interstitial

species, which can be introduced by the addition of non-native species (dopants) or

by synthesising the material with non-stoichiometry, for example through control of the

precursor concentrations or through atmospheric control (i.e. altering the partial pressure

of oxygen).

Any substituent ion with a higher positive charge than the ion it replaces, such as

Ga
3+

on a Li
+
site in LLZO, is termed a ‘donor’. The defect Ga

Li
is compensated for by

two V
′
Li
species, in the case of doping in LLZO (Equation 2.7).

Ga
2
O

3

LLZO

2Ga
Li

+ 4V
′
Li
+ 3O

×
O

(2.7)

An ion of lower charge than the one it replaces is called an ‘acceptor’, e.g. Ga
3+

on a

Ti
4+

site in BaTiO3. Ga
′
Ti
will have an effective negative charge, which can be compensated

for by a positively charged oxygen vacancy or an interstitial positively charged cation or

a ‘hole’ in the conduction band.

Changes in lattice parameter of crystals may be determined experimentally by X-ray

diffraction (XRD), and itmight be expected that changes in volume caused by introduction

of dopants might be a straightforward way to estimate defect concentrations by invoking
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Vegard’s Law, which describes a linear relationship between dopant concentration and

change in lattice volume in an ideal solid solution [34]. In the supervalent-doped

Li7La3Zr2O12 garnet structure, in which donor dopants are charge compensated for by

Li vacancies in order to maximise the conductivity (for more discussion see Chapter 3,

Section 3.2.4), determining the optimal dopant concentration has remained a problem,

however. This is due to the difficulty of establishing the actual (instead of nominal)

stoichiometry of intentionally doped atoms in the bulk material and also that it is still

not entirely clear what level of lattice expansion/contraction best promotes Li diffusion,

despite the lattice parameter being relatively straightforward to measure using high

resolution X-ray or neutron diffraction [35].

2.1.2 Conductivity

Long range charge transport in ceramics may be ionic, electronic or a mixture of both in

nature. In ideal electrolytes, purely ionic transport occurs, and the charge carriers are

anions or cations. In electrodes, the charge carriers are electrons and ions. The total

conductivity, σ, in a ceramic is given by the sum of the partial conductivities associated

with each charge carrier:

σ �

∑
i

σi (2.8)

Each partial conductivity, σi , is given by

σi � ni qiµi (2.9)

where ni is the charge carrier density, qi is the effective charge on the carrier, and µi is

the mobility. Both carrier density and mobility depend on composition, temperature and

atmosphere. Most often, a single charge carrier dominates due to large differences in

mobility and carrier density for different species in a ceramic, for example in electrolytes

with negligible electronic conductivity. The transport number, τi , determines the partial

conductivity of a charge carrier in terms of the total conductivity (Equation 2.10) [32].

This description is based on the assumption of dilute solution theory where each of the

mobile species do not interact with each other.

τi �
σi

σ
(2.10)

Ionic conduction depends on the presence of vacant sites into which ions can move,

and in the absence of an applied field, thermal vibrations proportional to T may cause

ions and vacancies to exchange sites [30]. This so-called self-diffusion is linked to the

conductivity, which is the ionic drift caused by an electric field by the Nernst-Einstein

relation [32]:

Di �
σi kT
ni q2

i

(2.11)
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Figure 2.1: Schematic illustration of the effect of an electric field on the migration of

charged species in a homogeneous crystal. The dashed line represents the energy profile

in the absence of an electric field E, where ∆Hm is the activation energy, and the solid

line indicates the behaviour under application of field. On applying a field, in the

forward direction the activation energy may be considered to be lowered by
1

2
aqE and

increased by the same amount in the reverse direction, where a is the separation

between forward and reverse jump positions and q is charge of the mobile species.

Figure adapted from Norby [32].

where Di is the self-diffusion coefficient for an ionic species i, assuming random-walk

diffusion of the particle in the absence of a chemical potential gradient [36]; ni is the

charge carrier density (which is derived from N/unit cell volume, where N is the number

of charge carriers in the unit cell). Again, this description is valid for dilute solutions only.

Current flow in ionic conductors occurs by ion hopping of, e.g. Li
+
, ions between

crystal lattice sites with a superimposed drift by an applied electric field E (Figure 2.1).

Ion hopping is thermally activated, and there exists an energy barrier, or activation

energy, ∆Hm associated with this process, which must be overcome for the hop to take

place (assuming the destination site is vacant). There is no net transport of chargewithout

an externally applied electric field, as the ion hopping occurs at random and the activation

energy is the same in all equivalent directions in a homogeneous crystal (illustrated by

the dashed line in Figure 2.1), being a function of the three-dimensional angle of the hop.

On applying an electric field, the activation energies are changed, and there is a

difference in the energy levels in the forward and backward directions. In the forward

direction of the field (downhill) the activation energy is reduced to ∆Hm − 1

2
aqE and in

the reverse (uphill) direction increased to ∆Hm +
1

2
aqE. The

1

2
aqE term corresponds to

the work done by the applied field E moving a charge q by distance
a
2
in the direction of

the field. Thus hopping events are more probable in the direction of the applied field.

The net flux density of a hopping charge carrier in an electrical field, and thus the

conductivity, is proportional to the self-diffusion coefficient, as seen in Equation 2.11. This

Nernst-Einstein relation is derived assuming random diffusion, thus it is meaningful for
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relating electrical and diffusional transport of atoms and ions. In evaluating the activation

energy associated with the diffusion coefficient from conductivity measurements, it is

necessary to plot ln(σiT) against 1/T, from the expression of conductivity in terms of the

exponent of the activation energy. It is also important to note that in the derivation of

Nernst-Einstein it is implicitly assumed that the ions and electrons move independently

of each other, e.g. that there is no interaction between ionic and electronic flows [32].

2.2 Fundamentals of Diffusion

As already seen, solid state diffusion is the mechanism by which ionic transport occurs

in ceramic materials. In the literature, many different terms are used to describe

diffusional behaviour under differing experimental conditions. This section will discuss

the fundamental equations underpinning these different types of diffusion and their

solutions as applied to the system under study as laid out by Fick (1855) [37] and Crank

(1956) [38].

2.2.1 Fick’s Laws

The transfer of matter due to random molecular motion is quantitatively described by

Fick’s first law, which uses the hypothesis that the rate of flow of a diffusing substance

through an isotropic medium (given by the flux j, flow rate per unit area) is proportional

to the concentration gradient (dC
dx )measured normal to the section (Equation 2.12)

j � −D
dC
dx

(2.12)

where C is the concentration of the diffusing species and x is the space coordinate

measured normal to the section, and the proportionality constant D is the diffusion

coefficient (units of length
2
time

−1
). The negative sign arises because diffusion occurs in

the direction opposite to that of increasing concentration.

Fick’s first law assumes a fixed concentration gradient across the plane through

which the flux occurs. However, in many cases the concentration and concentration

gradient changes with time. Such cases are covered by Fick’s second law. The change in

concentration per unit time at any position is proportional to the gradient in flux at that

position, given in Equation 2.13:

∂C
∂t

� −
∂ j
∂x

(2.13)

When combined Fick’s first law, which is valid at any one time and position, gives

Equation 2.14.

∂C
∂t

�
∂
∂x

(
D
∂C
∂x

)
(2.14)

And as D is not a function of location, and is independent of concentration, this

becomes:
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∂C
∂t

� D
∂2C
∂x2

(2.15)

Equation 2.15 is a linear second-order partial differential equation for the concentration

field C(x , t). It may be solved explicitly under certain boundary conditions that may be

closely approximated experimentally (Crank [38]), as described in Section 2.2.3.

Atoms in a crystal vibrate due to thermalmotion, with a givenDebye frequency. Using

a non-correlated, random-walk model of ionic transport, we can obtain an expression for

three-dimensionalmovement of particles (fluxdensity j)making jumps across a distance a
with an average jump frequency, ν, under a concentration gradient

dC
dx , given by Equation

2.16.

j � −1

6

a2ν
dC
dx

(2.16)

Combining with Fick’s first law (Equation 2.12), we obtain an expression for the

self-diffusion coefficient D in the three-dimensional case:

D �
a2ν
6

(2.17)

Also, considering a large number of jumps n occurring in time t, such that ν � n/t,
then inserting into Equation 2.17, we get:

na2

� 6Dt (2.18)

Although the number of jumps is very large, the mean displacement of each atom is

relatively small, as it mostly moves back and forth around the same position and only

a small fraction of the vibrations leads to a jump. As it is not possible to observe the

individual jumps, it is necessary to obtain an expression to link the individual atomic

jumps for a large number of atoms and the diffusion phenomena that we can observe

macroscopically. Equation 2.18 is equal to the square of the displacement of a randomly

diffusing atom, R2
, which is a version of the Einstein-Smoluchowski relation (Equation

2.19). The mean displacement is given by the square root of R2
, leaving:

R �
√

6Dt (2.19)

where R is the radius of the sphere that a diffusing atom, on average, will distance itself

from its starting point, after time t.

Changing this to a single-dimensional displacement (i.e. x-direction only), R2 � 3x2
,

where x2
is the mean square displacement in each orthogonal direction. This leads to an

expression for the mean diffusion length x in one dimension in a three-dimensional cubic

crystal as:

x �
√

2Dt (2.20)

The expressions given in this section assume random diffusion, and in most cases
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diffusion (as measured experimentally by tracer atoms to give the tracer diffusivity, D∗,
see Section 2.2.4) is not completely random, but is correlated to some extent with previous

jumps.

2.2.2 Correlated Motion and Long Range Diffusion

In the preceding discussion relating diffusion coefficients to random motion of ions in a

crystal, the diffusion coefficients take the form of the self-diffusivity, whichwill be defined

here onwards as DJ, describing the random-jump motion of the atoms in the absence of

correlation effects [39]. Correlated motion arises due to electrostatic interactions (i.e.

Li
+
-Li

+
repulsions in the case of some Li ion conductors), lattice-ion interactions, and

other external effects, such as chemical gradients and applied electric fields. To account

for the differences inmacroscopic (long-range diffusive processes) andmicroscopic (local,

atomic scale) measures of diffusion, correlation factors are used and defined by the ratio

of the two diffusion coefficients. For example, the tracer diffusion coefficient, D∗, for
correlated diffusion of an atom in a crystal is related to the self-diffusivity DJ through a

correlation factor f , given in Equation 2.21 (assuming no significant isotope effects) [40,

41].

D∗ � f DJ (2.21)

The correlation factor is governed by the crystal structure and the diffusion

mechanism. f � 1 for random, uncorrelated motion, and 0 < f < 1 for correlated

motion (where there is an increased likelihood of backward hopping following any given

jump). Tracer diffusion can be measured using isotopic tracer methods (more detail

follows in Section 2.2.4).

Likewise the thermodynamic factor Θ deviates from 1 to compensate for the the

driving force underlying diffusion in the presence of a chemical potential (Equation 2.22):

DC � ΘDJ (2.22)

Here DC is the chemical diffusion coefficient, described by Fick’s laws and defined

as the macroscopic response of the diffusing system in the presence of a concentration

gradient (i.e. in the case of proton diffusion during H2O exchange on the LLZO pellets

in Chapter 6 (Section 6.2), or, to a lesser extent,
6
Li diffusing into LLZO from a

6
Li metal

source without a pre-equilibrium anneal in Chapter 7).

Correlation effects also arise under the presence of an applied electric field: the

Nernst-Einstein relation in Equation 2.11 makes the assumption that the availability of

mobile defects is unchanged by an external electric field; hence the diffusion measured is

equal to the self-diffusion. However in reality this is oftennot true, and another correlation

factor fc needs to be used to describe this non-ideality:

Dσ
� fcDJ (2.23)

Dσ
is the electrochemical impedance spectroscopy (EIS)-derived diffusivity using
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the Nernst-Einstein relation, as already discussed. The Haven ratio, HR, is the ratio of

D∗/Dσ
(Equation 2.24) and quantifies whether an observed conductivity is due to a single

charge carrier or several carriers [41, 42]. For single ions diffusing via random jumps,

HR � f � fc � 1 and D∗ � DJ � Dσ
. A large Haven ratio (> 2) indicates highly correlated

ionic motion, and is observed in many fast-ion conductors [43].

HR �
D∗

Dσ �
f
fc

(2.24)

2.2.3 Solutions to the Diffusion Equation

The tracer method allows measurements of diffusion in homogenous materials- that

is, without imposing chemical gradients (disregarding the difference in atomic weight

between atoms in the crystal and of the tracer, known as the isotope effect). A common

technique is to deposit a film of stable minor isotope on a plane surface of a sample

and determine the activity of the diffusing species as a function of distance from the

plane surface. If the thickness of the sample is much larger than the penetration depth

of the tracer, the solid can be considered semi-infinite. Furthermore, if the diffusion

is homogenous (e.g. taking place by lattice diffusion, as opposed to grain boundary

transport), the concentration of the diffusing tracers normal to the plane is through a

solution of Fick’s second law with appropriate boundary conditions. If the concentration

of the diffusing species at the surface (Cs) is constant (which is unlikely for a film source

described above), the diffusion can be given by Equation 2.25 [32, 38]:3

C − C0

Cs − C0

� 1 − erf

x

2

√
D∗t

� erfc

x

2

√
D∗t

(2.25)

where C � C(x , t) is the concentration of the diffusing species at penetration distance x
at time t, Cs � C(0, t) is the constant surface concentration, and C0 � C(x , 0) is the initial
concentration in the solid. The diffusion profile for this setup is illustrated in Figure 2.2,

in the case where C0 � 0. The penetration and amount of diffusing species in the solid

are proportional to

√
t.

In the well-established oxygen isotopic exchange tracer diffusion method for bulk

oxygen ion conductors [45, 46], a sample is allowed to exchange with an enriched isotope

source of known concentration (involving an ‘exchange anneal’ with, e.g.,
18
O gas) and

the isotopic fraction is measured as a function of distance from the source. The flux of

the isotopes across the surface, −D∗( ∂C
∂x )|x�0 is directly proportional to the difference in

the
18
O concentration between the surface, Cs, and the gas, Cg, for a given time t. The

constant of proportionality is known as the exchange coefficient, k∗.
This particular system (Case 1), is illustrated in Figure 2.3a and is modelled as

one-dimensional, semi-infinite diffusion under the following system and conditions for

surface exchange boundary and uniform initial conditions:

3The mathematical function erf z, known as the error function, is given by erf z �
2√
π

∫ z
0

exp(−η2)dη, and
has the properties erf(−z) � − erf z, erf(0) � 0; erf(∞) � 1; 1 − erf z � erfc z.
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Figure 2.2: Graphical representation of a diffusion profile when the surface

concentration Cs � C(0, t) of the diffusing species remains constant with time, and the

initial concentration of solid, C0, is equal to zero (Equation 2.25).



∂C′
∂t � D∗ ∂

2C′
∂x2

∀(x , t) ∈ (0,∞) × [0,∞);
C′ |t�0 � 0 ∀x ≥ 0;

C′ |x�0 � 1 +
D∗
k∗
∂C′
∂x |x�0 ∀t > 0;

limx→∞ C′(x , t) � 0 ∀t > 0.

C′ is the normalised isotopic concentration at each point as defined by Equation 2.26:

C′(x , t) �
C(x , t) − Cbg

Cg − Cbg

(2.26)

where Cbg is the background isotropic fraction throughout the sample initially (C0 in

Equation 2.25) and Cg is the isotopic fraction of the exchange gas (source ofminor isotope).

The solution to this semi-infinite diffusion system, Case 1, is given by Equation 2.27:

C′(x , t) � erfc

x

2

√
D∗t
− exp

{
k∗x
D∗

+
k∗2t
D∗

}
erfc

{
x

2

√
D∗t

+ k∗
√

t
D∗

}
(2.27)

The above solution can be expressed more concisely by two non-dimensional

parameters, x′ and h′:

C′(x′, h′) � erfc x′ − exp(2x′h′ + h′2) erfc(x′ + h′) (2.28)

where

x′ �
x

2

√
D∗t

(2.29)

h′ � k∗
√

t
D∗

(2.30)

The normalised depth x′ is the distance from the exchange surface, scaledwith respect
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(a)

(b)

Figure 2.3: Diffusion profiles (a) Case 1: gas-solid couple boundary conditions for

one-dimensional semi-infinite diffusion, with constant gas concentration Cg and surface

concentration Cs; (b) Case 2: solid-solid couple in which the source (x < 0) concentration

Csource changes with time.

to a characteristic diffusion length, 2

√
Dt, and used to more easily compare experiments

withdifferent exchangedurations. h′describes the relative influenceof the surface (k∗) and
bulk (D∗) processes. In Chapter 6 of this thesis, where proton diffusivity in LLZOpellets is

evaluated by using a D2O source of D
+
following an initial exchange in H2O, the diffusion

is approximated to the Crank solution illustrated here (Case 1). The dimensionless

parameter, x′, is used to find D from the length x at which background concentration is

reached in the profiles (i.e. C′(x , t) approaches zero). This is approximated to the value

at x′ � 2, i.e. x � 4

√
(Dt), taken from Figure 3.4 of Crank [38].

In the case of a source of tracer ions whose concentration Csource changes as a function

of exchange time, such as a thin film enriched crystal deposited on a chemically identical

(but not isotopically enriched) bulk crystal, Case 2, illustrated in Figure 2.3b, applies. The

following boundary conditions are used:

41




∂C′
∂t � D∗ ∂

2C′
∂x2

∀(x , t) ∈ (0,∞) × [0,∞);
C′ |t�0 � 1 x < 0;

C′ |t�0 � 0 x ≥ 0.

The amount of diffusing species remains constant and equal to the amount originally

present in the source. The solution for Case 2 is given by:

C′(x , t) � 1

2

erfc x′ (2.31)

Where C′ is here defined as:

C′(x , t) �
C(x , t) − Cbg

Csource − Cbg

(2.32)

In this work, a lithium-6 metal source in contact with LLZO (see Chapter 7) is used as

a diffusion couple for estimating the lithium diffusivity in LLZO. This special case cannot

be strictly modelled on either Case 1 (Crank solution for semi-infinite diffusion) or Case 2

described above for the following reasons: the lithium diffusivity D∗ differs in both parts

of the couple (so cannot be modelled as Case 2), there exists an interfacial resistance (i.e.

k, again contrary to Case 2) and it occurs in a finite domain (thus cannot be applied to

semi-infinite diffusion). However, owing to limitations in the experimental data and for

the purpose of obtaining an approximation of D, the diffusion is modelled on Crank’s

solution. Thus, the dimensionless parameter x′ � 2 is used to find D from the length x at

which background concentration is reached in the profiles (x � 4

√
(Dt)).

2.2.4 Experimental Methods to Determine Lithium Diffusion

There are several experimental methods which exist for studying diffusion in solids, each

with a different range of diffusivities which are able to be measured and which can be

grouped into two categories: direct and indirect methods. Direct methods are based on

Fick’s laws and are sensitive to long-range diffusion (and thus are macroscopic). Indirect

methods usually study phenomenawhich are influenced by the diffusion jumps of atoms,

often sensitive to single or a few atomic jumps only. Examples of both types of methods

are summarised in Table 2.1.

Microscopic (Indirect Methods)

Microscopic methods such as nuclear magnetic resonance (NMR) and EIS usually study

phenomena which are influenced by the diffusional jumps of atoms in solids. Some of

these methods are sensitive to a few atomic jumps only. In these cases local hopping

is measured, e.g. hopping in traps for instance around impurity atoms. This can be

different from the long range transport especially if the traps are deep. Quantities such

as relaxation times, chemical shifts and linewidths are measured to determine the mean

residence time of the diffusing atoms, τ, and the Einstein-Smoluchowski relation (seen

in Equation 2.19) is used to deduce the diffusivity D in the simple case of uncorrelated
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Table 2.1: Summary of indirect and direct methods for experimentally determining

diffusivity in solids [47].

Direct Methods Indirect Methods

Tracer diffusion (stable isotopic exchange

method and radiotracer method) +

profiling (i.e. SIMS)

Nuclear magnetic resonance

spectroscopy (NMR)

Chemical diffusion + profiling Impedance spectroscopy (EIS)

Nuclear reaction analysis (NRA) Mossbauer spectroscopy

Neutron radiography Quasi-elastic neutron scatterimg (QENS)

Pulsed field gradient NMR (PFG NMR) Positive muon-spin relaxation (µ+
SR)

motion.

Impedance spectroscopy is the most-used method for temperature-dependent

characterisation and resolution of the components of direct current (DC) conductivity,

and uses the Nernst-Einstein relation to convert conductivity, σ, to charge diffusivities,

Dσ
. However, the technique is not a priori lithium selective, but is a medium/long range

probe for ionic motion (so in a sense, is an indirect, semi-macroscopic technique). This

technique is described in more detail in Chapter 4, Section 4.7.1.

NMR relaxation methods, however, are explicitly selective on Li motion and probe

local jump frequencies on short length-scales (see Chapter 4, Section 4.6 formore details of

the technique) [48]. These have to be converted into diffusivities usingmodel assumptions

(including accounting for correlation factors and the Haven ratio, Section 2.2.2), but can

access self-diffusion coefficients across a large range (D ∼ 10
−10

to 10
−20

m
2
s

−1
) [47].

Direct diffusion measurement is also possible with the use of field gradient (FG) NMR,

which is described under the section ’Macroscopic (Direct Methods)’.

Diffusion-induced NMR relaxation rates are governed by a motional correlation

function which describes the dynamics of ions present. This function tells us about

the mean correlation rate of the dynamic process under study, deviations from random

motion (correlation effects), and the dimensionality of the ion hopping process [49]. To

compare Li jump rates deduced from spin-lattice relaxationNMRmeasurements with EIS

data, we use the Nernst-Einstein and Einstein-Smoluchowski equations (Equations 2.11

and 2.19, respectively). The first connects the real part of the complex bulk conductivity,

with the tracer diffusion coefficient, D∗, via the Haven ratio HR. Combined with the

Einstein-Smoluchowski expression for uncorrelated motion, the DC conductivity and

jump rate can be related.

Quasi-elastic neutron scattering (QENS) provides a microscopic measure of the jump

diffusion coefficient DJ by observation of the energy and angular dependence of the

neutron scattering function and their comparison to theoretical models, but is limited

to relatively fast diffusion processes; thus is restricted to transport measurement in

high-temperature Li ion conductors [50].
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Positive muon-spin relaxation (µ+
SR) spectroscopy is a recent addition to the toolkit

for investigating Li transport [51, 52]. Upon decay of a muon, the direction of the emitted

positron is preferentially aligned with the parent muon’s magnetic moment. Relaxation

processes with nearby lithium nuclei are used to determine the rate of ionic hopping in an

analogousway toNMRrelaxometry,where µ+
SRprobes time-spacewhereasNMRprobes

frequency-space. The technique has a limited time window owing to the muon decay

process and is too sensitive to detect D(Li) above about 10
−12

m
2
s

−1
, and the low-energy

muon beam has 200 nm probing depth and 1 to 10 nm resolution [50]. In addition, as

with NMR and QENS, only powder samples can be measured and so no microstructural

effects on diffusivity are probed with these techniques, i.e. grain boundary effects.

As such, discrepancies exist between the measured activation energy of Li hopping as

measured by QENS, NMR and µ+
SR compared to those determined from AC impedance

measurements. This is due to additional factors influencing the Li diffusion on top of

simply the intrinsic nature of the Li-conducting solid, such as grain boundaries, impurities

and other defects [43, 50]. Additionally, even when comparing bulk with bulk, i.e.

when the grain boundary component is fully resolved in impedance analysis, it must

be remembered that the DC conductivity measures long range transport, whilst the other

techniques measure local hopping.

Without prior knowledge of correlation factors, it is not possible to conclusively

separate long- and short-range diffusion as probed by these microscopic techniques.

Direct methods are needed to measure long-range diffusivity.

Macroscopic (Direct Methods)

Macroscopic methods such as pulsed field gradient (PFG) NMR and tracer diffusion

enable long-range transport of ions to be probed directly, without the need for model

assumptions.

The use of isotope tracers in the isotopic exchange method gives an undisputable

method for following the movement of a diffusion front of isotopically labelled species

through a material to determine the self-diffusion coefficient (ignoring isotope mass

effects). The radiotracermethod is a commonly-used state-of-the-art technique formetallic

materials due to its high detection sensitivity [53]; however, no suitable radioactive tracers

are available for the study of Li:
8
Li is the only radioactive isotope, with a half-life of

just 0.84 s, preventing diffusion studies with this method. However, lithium has two

stable isotopes, and the lower abundance
6
Li (7.5%) can be used for lithium self-diffusion

experiments using the stable isotope exchangemethod. This technique involves forming a

diffusion couple with one half enriched in the minor stable isotope (
6
Li), which is allowed

to inter-diffuse. Analytical methods are used to study the resulting diffusion profile,

following the isotopic fraction as a function of distance (or depth). The technique is termed

the isotopic exchange and depth-profiling (IEDP) method. The analytical methods used

include secondary ion mass spectrometry (SIMS), nuclear reaction analysis (NRA) and

neutron radiography.

SIMS is used in this thesis for following the lithium isotope tracers, and is described
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in detail in the Experimental Methods (Chapter 4, Section 4.8). It has been implemented

previously to find the lithium self-diffusivity in some lithium-containing oxides and

glasses [54–60].

NRAuses high energy, lowmass ions such as protons to induce nuclear reactionswith

the tracer, which are used to follow elemental concentrations - for the detection of
6
Li, the

nuclear reaction
6
Li(d,α)4He can be used [53, 61]. Depth profiling is achieved by varying

the energy of the incoming beam, and the method itself is non-destructive.

Neutron radiography makes use of the fact that lithium has a large neutron

cross-section which differs by four orders of magnitude between
6
Li and

7
Li isotopes.

Using a
7
Li enriched source, a measure of macroscopic lithium diffusion is obtained

by observing the time-evolution of spatially resolved neutron transmission rates in the

sample [62–64]. However, limits on spatial resolution of the neutron detectors require

long diffusion path lengths in order to resolve the diffusion process [65].

Designing and developing an experimental setup to measure tracer diffusion using

the IEDPmethod is the biggest challenge for the accurate determination of tracer diffusion

in fast lithium conducting materials (especially, as in the case of the garnet electrolytes,

when the room temperature diffusivity is high, D(Li) ∼ 10
−13

m
2
s

−1
).

PFG NMR permits direct diffusivity measurement on powder samples without

referring to a microscopic model, and has been used to measure diffusivity in some

lithium garnets [66, 67]. Field gradient experiments probe macroscopic transport by

analysing changes in spin evolution as nuclei migrate through the gradient field. Slow

longitudinal relaxation rates permit long diffusion times, allowing sensitivity towards

slower diffusion rates [65]. More detail on the technique is given in Chapter 4, Section 4.6

but the reader is directed to the comprehensive book by Sørland for a full overview [68].

Chapter 7 compares such measurements with EIS-derived values and preliminary results

for tracer diffusivities.

Mathematical/Modelling Methods

Ab initio statistical mechanics calculations provide insight into both the thermodynamics

and kinetics of transport in lithium ion conductors. By combining calculations of

activation barriers and pathways for various jump mechanisms with electronic structure

calculations and kinetic Monte-Carlo simulations, thermodynamic and kinetic properties

can be measured at thermodynamic equilibrium for a range of lithium conductors.

Molecular dynamics simulations generate information at the microscopic level, such

as atomic positions and velocities, and converting this information to macroscopic

observables requires statistical mechanics. Such studies have been used to understand

the motion of lithium in LLZO [69–72]. These methods are advantageous in that a large

number of material properties can be calculated for a range of materials under different

conditions at a faster rate than achievable experimentally.

By combining information on all three classes of diffusivity measurement methods,

important information about the nature of Li ion transport can be deduced; in particular,
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by comparingNMR, EIS and tracer diffusivitymeasurementswith computationalmodels,

mechanistic information on the nature of lithium transport (such as correlation effects),

may be obtained.

2.3 Electrochemistry of Lithium Batteries

The main challenges in the development of rechargeable lithium batteries were touched

upon in Chapter 1, and are highlighted in the following section. The underlying

electrochemical theory is related to these critical properties, which are given below:

1. Safety

The development of safer lithium batteries requires the development of a

non-flammable electrolyte with either a larger electrochemical window between its

lowest unoccupied molecular orbital (LUMO) and its highest occupied molecular

orbital (HOMO), or the ability to form a solid-electrolyte interphase (SEI) which is

able to form rapidly and safely, preventing plating of Li on, e.g. a carbon-based

anode during charging. Electrochemical stability is key here.

2. Energy density (units Whg
−1
)

The energy density is the product of the voltage and capacity of reversible Li

insertion/extraction to/from the electrodes. These in turnwill depend on thematch

of electrode electrochemical potentials µ̄ and the HOMO/LUMO of the electrolyte,

as well as the number of Li ions which can be reversibly transferred.

3. Power (energy transferred per unit time, units W)

Power and power density (power delivered per unit weight of the cell, unitsWg
−1
) are

important properties which are determined by the charge/discharge rate of the battery
and as such require high Li conductivities (σLi > 10

−4
S cm

−1
at ambient temperature)

in the electrolyte and across the electrolyte-electrode interface.

4. Long service life

To enable a long service life, the components of the battery must be chemically
compatible/stable.

5. Environmentally benign, low cost

These factors are important for commercialisation and a low environmental impact

but will not be explored further here.

2.3.1 Basics of a Battery and Electrochemical Stability

As described in Chapter 1, the equilibrium potential, V0, is described by the difference

in electrochemical potentials µ̄ of the two electrodes (the redox couple, comprising the

oxidised species ‘Ox’ (at the anode during discharge) and reduced species ‘Red’ (at the
cathodeduringdischarge)) andpredicted by theNernst equation, represented inEquation

2.33 for an n-electron process.
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V0 �
µ̄Ox − µ̄Red

nF
�
∆µ0

F
+

RT
nF

ln

{
[Ox]
[Red]

}
(2.33)

where ∆µ0
is the change in chemical potential for the reaction (a constant at fixed

temperature and pressure), R is the gas constant, F is the Faraday constant representing

the charge on one mole of electrons and T is the temperature.

During charge, Li is moved from the positive electrode, a level of lower chemical

potential, to the negative electrode (higher chemical potential), and vice versa on

discharge. The potential is ameasure of howmuch a component is unfavourable in a given

phase (i.e. a high lithium chemical potential µLi is unfavourable). Hence thermodynamic

stability (and thus safety) requires locating the electrode potentials within the window of

the electrolyte such that µ̄a < LUMO and µ̄c > HOMO, to prevent reduction or oxidation

of the electrolyte [73]. Under these constraints, Equation 2.34 holds:

nFV0 � µ̄a − µ̄c ≤ Eg (2.34)

where Eg is the HOMO-LUMO energy separation of the electrolyte (known as the

electrolyte window). In practice, this means that whatever the potentials of the selected

electrodes in a cell, the chosen electrolyte must have a large enough electrochemical

window to enable electrochemical stability. The challenge is thus finding an electrolyte

with a wide window to enable the largest range of potentials at the electrodes to support

a high theoretical voltage cell.

However, a passivating SEI layer at the electrode/electrolyte boundary can lendkinetic

stability to a larger V0 provided V0 −Eg is not too large, as shown in Figure 2.4. Examples

are Li metal or carbon-based anodes with non-aqueous electrolytes where µ̄a > LUMO

(and which, in the case of the SEI layer breaking up, results in the formation of Li

dendrites). The SEI needs to have fast Li
+
transport and must not block electron transfer

between the current collector and the active electrode material in order to be effective.

2.3.2 Energy Density and Capacity

The energy density of a battery cell is equal to QV0, where Q is the capacity of reversible

charge transfer per unit weight (Ahg
−1
) between the electrodes. nF corresponds to the

charge transferred (associated with the number of electrons, n), and by maximising the

number of lithium atoms transferred at the electrodes, this in turn is maximised. For

example, in the Li1-xCoO2 electrode material, the number of Li transferred per transition

metal cation is 0.5 (i.e. n � 0.5). In graphitic carbon, 1 Li is transferred per 6 C atoms

(n � 1). This can be determined experimentally by measuring the capacity of each

electrode in a half-cell with a Li metal anode.

In practice, Q, and hence the energy density, decreases with the rate of

charge/discharge (i.e. the magnitude of electronic current in the external circuit, which

has to bematchedwith the internal ionic current in the cell). This is because the electronic

current density is much larger than the ionic current density of the electrodes and

electrolyte, including the rate of ion transfer across the interface. Thus at high current
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Figure 2.4: Schematic open-circuit energy diagram showing the formation of passivating

SEI layers which enable µ̄a > LUMO and µ̄c < HOMO. Eg is the HOMO-LUMO energy

separation of the electrolyte, V0 is the equilibrium voltage and µ̄a and µ̄c are the anode

and cathode electrochemical potentials, respectively.

densities (high charge/discharge rates), the ionic motion within an electrode and/or

across the interfaces with the electrolyte is too slow for charge distribution to reach

equilibrium, leading to a decrease in reversible capacity. This in turn has implications on

the power output of a cell.

Experimental Capacity

The experimental (practical) capacity can be found by cycling the electrode at a constant

current (galvanostatic cycling). This enables quantification of the fraction of exchangeable

ions and electrons within the host structure in the electrochemical reaction (the state of

charge or SOC, defined as the battery capacity as a percentage of maximum capacity),

which can be used to deduce the experimental capacity of the electroactive material (in

Ahg
−1
) under the experimental conditions.

2.3.3 Voltage

As mentioned previously, to increase the energy density of a cell, we need to increase the

cell voltage V0. In an ideal case, V0 ≥ 4V vs. Li
+
/Li [73]. Using a solid state electrolyte is

one way to enable this, as it could provide a large electrochemical window, Eg (see Figure

2.4), thus enabling larger voltages to be accessed, if a suitable electrode couple can be

found (as nFV0 � µ̄a − µ̄c).

Figure 2.5 shows a density of states diagram for graphitic LixC6 and Li1-xCoO2

electrodes. The value of µ̄a and µ̄c which will determine V0, depend on the Fermi

energy, EF, in the itinerant-electron band (as in a carbon electrode), or the energy of

a redox couple of a transition metal cation (e.g. Co
3+
/Co

4+
in Li1-xCoO2). The redox

couple energy also depends on the formal valence state of the cation, the level of covalent

48



CHAPTER 2. THEORETICAL CONSIDERATIONS

Figure 2.5: Schematic of density of states showing the relative positions of the Fermi

energy EF in an itinerant electron band for LixC6 and the Co
3+
/Co

4+
redox couple for

Li1-xCoO2, where n is the number of electrons transferred per mole of electrode

compound, adapted from Goodenough [73].

nearest-neighbour bonding (i.e. whether with O or S), which in turn is influenced by

the presence and nature of the countercations and the crystal structure. In addition, the

position of a redox couple relative to the bottom of a broad conduction band or top of an

anion p band may determine the intrinsic voltage limit of the electrode (for example, in

the case of Li1-xCoO2, the Co redox couple is ‘pinned’ at the top of the O 2p band, limiting

its intrinsic upper voltage to 4.0V vs. Li
+
/Li) [73].

The equilibrium voltage V0 is the theoretical cell voltage. Often, before current is

applied, the electrochemical cell has an open circuit voltage VOC that differs from V0.

VOC − V0 is usually due to surface species yielding an apparent voltage which is not

representative of the bulk material. Additionally, during cycling, the voltage profile may

move above and below V0 due to polarisation and resistances from all parts of the cell,

this difference between V0 and discharge Vdis or charge Vc, given in Equation 2.35, is the

overpotential, η, which is largely ascribed to the impedance for cation transfer within the

cell; Idis is the discharge electronic current [74].

Vdis � V0 − ηdisIdis (2.35)

2.3.4 Power

Power is a measure of how quickly batteries can deliver stored energy (and given with

respect to cell weight or volume when quoted as power density, units of Wg
−1
). As seen

from theNernst equation in Equation 2.33, the equilibriumvoltageV0 is determined solely

by the electrode materials; however, the current generated is influenced by the electrolyte

and electrode kinetics. Internal resistances (Rint) present in the components of the cell

will limit the current and thus the actual power output, P, seen in Equation 2.36.
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P � P(Rint→0) − I2Rint (2.36)

In a rechargeable cell, electric power is stored as chemical energy and released during

the reaction of cathode and anode, when the electronic current is conducted through

an external circuit to deliver power, Pdis � IdisVdis. Increasing the Li ion kinetics in

terms of the mobility in the electrolyte (Li conductivity, σLi) and at the interface with the

electrodes, will enable high power batteries to be realised by allowing high currents to be

accessed. This is especially critical in the development of all-solid-state batteries, where

the electrolyte component is an inorganic solid and typically has lower conductivities

than conventional liquid electrolytes. The improvement to conductivity has been pursued

extensively in the search for a highly Li-conducting inorganic electrolyte; however, the

interface kinetics in solid state batteries are as yet not well understood, but are critical for

enabling a high performance all-solid-state battery (see Chapter 3, Section 3.4).

2.4 Summary

In this chapter the fundamentals of defect formation in crystalline oxides have been

introduced. Charge and mass transport in ionically conducting materials have been

discussed and described in terms of the effect of external electric fields acting on them.

This has been extended to a discussion of diffusion, using the Fickian model to describe,

and using the solutions of Crank to model, diffusivities. An overview of the various

experimental methods in the literature for probing both microscopic and macroscopic

diffusion of Li has been given, including a discussion of the effect of correlated motion

on measured diffusivities. In particular the use of tracer isotope methods has been

discussed as it is of particular interest in this work where it has been developed for

use in Li conducting inorganic electrolytes. Finally, an introduction to the basics of

electrochemistry in Li ion batteries has been included, highlighting the areas which need

to be looked at in order to move to a next-generation of devices.
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Chapter 3

Literature Review

The Introduction (Chapter 1) and Theoretical Considerations (Chapter 2) have provided

the context for the importance of developing better batteries in order to enable

both high-performance portable energy storage systems (including in automotive

applications), as well as grid-level systems required for storing electricity generated from

intermittent renewable sources. The fundamental requirements for their development

have been introduced, highlighting the factors which will need to be improved in order

to meet these requirements, and the limitations with current battery technologies.

This chapter will serve to provide a more detailed overview of state-of-the-art

all-solid-state batteries, which have the potential to overcome the performance issues

associated with current battery technology base on liquid electrolytes. In particular,

the focus will be directed on solid state electrolytes, with a literature review of

the garnet-structured Li7La3Zr2O12 (LLZO) material, as it is the most promising

lithium-conducting ceramic and the material of choice for this thesis. The review will

include an overview of the structure and transport properties of LLZO, and attempts

made to modify these characteristics through doping strategies. Next, a summary

of reported degradation behaviour of the material caused by lithium-proton exchange

processes during exposure to moisture will be given. Finally, the interfacial stability with

lithium metal electrodes and cell charge/discharge cyclability will be reviewed.

3.1 All-Solid-State Batteries and Solid State Electrolytes

Current state-of-the-art lithium ion batteries will soon reach a physicochemical limit for

their energy density [75], but the demand for higher power and energy densities will

continue to increase. All-solid-state batteries in which the traditional liquid electrolyte is

replaced by a solid electrolyte have the potential to address this need for increased energy

and power density by enabling the use of new chemistries, in addition to addressing

concerns over stability and safety which exist for current technologies. Despite growing

interest in solid state batteries, many challenges remain in both manufacturing and

fundamental understanding.

Solid state electrolytes offer beneficial features over organic liquid electrolytes, which

have been described in Chapter 1 . For successful implementation in lithium batteries, an
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electrolyte material must be chosen which fulfils the following requirements [19, 21, 73]:

1. A large electrolyte window, Eg

2. A Li-ion conductivity, σLi > 10
−3

S cm
−1

over the temperature range of battery

operation

3. An electronic conductivity, σe < 10
−10

S cm
−1

4. Retention of the electrode/electrolyte interface during cycling when the electrode

changes volume

5. A transference number, τLi � σLi/σtotal ≈ 1, where σtotal includes conductivities by

other ions in the electrolyte as well as σLi and σe

6. Chemical stability over ambient temperature ranges and temperatures in the battery

under high power

7. Chemical stabilitywith respect to the electrodes, including the ability to formrapidly

apassivating solid electrolyte interface (SEI) layer if necessary,where kinetic stability

is required because the electrode potential lies outside the electrolyte window

8. Safe materials, i.e. preferably non-flammable and non-explosive if short-circuited

9. Low toxicity and low cost

10. Scalable (important for commercialisation).

Solid electrolytes currently fulfil many of these requirements, in particular points 1-3,

5 and 6-8 in the case of inorganic electrolytes; however, there is still a way to go before

all-solid-state batteries can be realised commercially. There are three general classes

of solid electrolyte materials for lithium batteries: lithium conducting glasses, organic

polymers and inorganic ceramics, which are described below.

Thin film, amorphous LiPON electrolytes with the composition LixPOyNz, where

x � 2y + 3z − 5, were pioneered at Oak Ridge National Laboratory and are used in

all-solid-statemicrobatterieswith intercalation oxide-based cathodes and Limetal anodes

[23, 76]. The thin films are physically deposited by, e.g., sputtering. Despite the good

chemical stability with electrode materials, the room temperature conductivity σLi is

relatively low (10
−6

S cm
−1
) and large-scale production is expensive; hence the application

is limited to thin-film devices. Similar to the diffusion process in a crystal structure, ionic

transport in glassy materials starts with ions at local sites being excited to neighbouring

sites and then collectively diffusing on a macroscopic scale [77].

Lithium-conducting polymer electrolytes (dry-polymer-in-salt), such as polyethylene

oxide (PEO), use a polymer host together with a lithium salt to act as a solid solvent.

These systems are stable with respect to Li metal, flexible, easy to produce a large-area

membrane and have a low shear modulus; however, the ionic conductivity is relatively

low at room temperature (10
−4

S cm
−1
) and the electrolytes have limited thermal stability

and a oxidation voltage of less than 4V. Composite polymer systems use a ceramic filler
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Figure 3.1: Arrhenius plot illustrating temperature dependence of ionic conductivities σ
for various solid and liquid electrolytes, from Janek [75]. Solid lines indicate organic

electrolytes; dashed lines indicate inorganic electrolytes. The grey vertical line marks

room temperature and the horizontal line indicates the target conductivity of 1mS cm
−1
.

Ga-doped forms of Li7La3Zr2O12 (LLZO) have been reported with conductivities

exceeding this at room temperature (indicated by the star).

to improve the conductivity by reducing the glass transition temperature [77]. In polymer

electrolytes, microscopic ion transport is related to the segmental motion of polymer

chains above the glass transition temperature. The segmental motion of the chains can

create free volumes for the hopping of lithium ions that coordinate with the polar groups.

The number of free ions depends on the dissociation ability of the lithium salt in the

polymer [78].

An Arrhenius plot of a range of electrolytes is given in Figure 3.1. A viable electrolyte

must have an ionic conductivity of 1mS cm
−1

at room temperature [22] (corresponding

to log
10
σ � −3 on the plot); current organic liquid electrolyte ethylene carbonate (EC) -

propylene carbonate (PC) containing 1 M LiPF6 has a lithium conductivity of 10
−2

S cm
−1
.

The best conductivity at room temperature to date is that of the Li10GeP2S12 solid

electrolyte (σLi � 12mS cm
−1
) reported by Kamaya et al. [79], outperforming even liquid

electrolytes. However, in-situ X-ray photoelectron spectroscopy studies on the material

by Wenzel [80] have shown the material decomposes on contact with metallic lithium

into Li3P, Li2S and a Li-Ge alloy. This was also predicted by first principles studies by the

Ceder group [81]. This highlights a big challenge for solid state electrolyte development

in achieving high conductivities whilst maintaining their inherent stability and safety

features.
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Figure 3.2: Structure of Na3Zr2PSi2O12 (NASICON). The red circles denote Na(1) and

Na(2) occupying interconnected channels within the skeleton framework of ZrO6

octahedra and P/SiO4 tetrahedra. Figure from Sebastian et al. [85].

3.1.1 Ceramic Crystalline Electrolytes

Inorganic ceramic crystalline electrolytes conduct ions through both ion and vacancy

transport, and the kinetics can be described by an Arrhenius-type relationship (see

Chapter 2, Section 2.1.2). Examples of these materials are NASICON-, LISICON-,

thio-LISICON-, perovskite- and garnet-type lithium ion conductors.

Nasicon, Lisicon and Thio-Lisicon

The NASICON ‘NA SuperIonic CONductor’, NaA
IV
2
(PO4)3 (A

IV
= Ge, Ti or Zr) structure,

was identified by Kierkegaard in 1968 [82] and then studied in 1976 by Goodenough

and Hong [83] in their search for a three-dimensional (3D) network structure based

on the anisotropic conduction pathways of β-alumina. It consists of a covalent skeleton

[A2P3O12]
−
ofAO6 octahedra andPO4 tetrahedra, which form 3D interconnected channels

and two types of interstitial positions (1) and (2) where conductor cations (i.e. Na
+
) are

distributed (see Figure 3.2). The conductor cations move from one site to another through

bottlenecks, the size of which depends on the nature of the skeleton ions and on the

carrier concentration in both type of sites [21]. For example, partial substitution of P(V)

by Si(IV) gives a solid solution with an increased number of Na
+
for charge balance [84].

Lithium-ion conductors based on the NASICON structure have been incorporated

into lithium-ion batteries; for example Li1.3Al0.3Ti1.7(PO4)3 (LATP) where a trivalent Al

is substituted for the Ti
4+
, was reported to have the optimum Li ionic conductivity of

these type of compounds (bulk σLi � 3mS cm
−1

at 298K). Aono et al. [86] attributed

this enhancement to the presence of trivalent cations in the Ti site which results in better

densification of the pellet and an increase in Li content, which they claim reduces the grain

boundary activation energy for lithiummigration. Despite the good conductivities found

for these materials, the major problem is their reactivity with lithium metal owing to the

reducible Ti(IV) species which leads to mixed (both ionic and electronic) conductivity,
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Figure 3.3: Tetragonal structure of BaTiO3, showing elongation along the c-axis (vertical)
and the arrangement of TiO6 octahedra. Figure from DoITPoMS, University of

Cambridge [92].

making them unsuitable for use in Li-metal batteries.

LISICON, for example Li3.5Zn0.5GeO4 in Figure 3.1, has a framework similar to the

orthorhombic γ-Li3PO4 and was pioneered by Hong [87], who deduced the structure of

the material Li14Zn(GeO4)4 and identified its superionic conductivity. Its conductivity

was explored and characterised further by Bruce and West [88, 89]; however, despite

promising lithium conductivity and a high electrochemical window, the material also

undergoes reduction in contact with Li metal (Ge
4+

is reduced to Ge
0
and Ge

2+
) [24,

90]. The reactivity with Li metal is reduced on replacing the O
2−

anion with the larger,

more polarisable S
2−
, creating a thio-LISICON analogue, for example Li3.5Ge0.25P0.75S4 in

Figure 3.1, with a room temperature lithium conductivity of 2.2mS cm
−1

[91]. However,

the material is sensitive to moisture (that is, it generates gaseous H2S) and is chemically

unstable. The stability can be improved by the addition of metal oxides, and the presence

of oxygen atoms in the Li2S–P2S5 system reduces the interfacial resistance between the

cathode (metal oxide) and the sulfide electrolyte [77].

A-Site Deficient Perovskites

Historically, perovskite titanates (ABO3, B= Ti), received attention due to their functional

properties, such as ferroelectricity and dielectricity, caused by displacement of Ti atoms

towards one of the octahedrally-coordinated oxygens; for example in BaTiO3 (Figure 3.3),

the cubic phase transforms to a tetragonal structure (elongation along the c axis) below

120
◦
C to give a noncentrosymmetric phase which has a permanent dipole, causing a

change from dielectric to ferroelectric behaviour.

The cubic Li0.5La0.5TiO3 (LLTO) was first made by Brous et al. [93]. Later observations
of increased capacitance with increasing temperature, dielectric loss and relaxation were

considered to be due to Li motion by Inaguma [94], which led to investigations into its

conductivity properties, and it was found that the structural stability originates from the

larger La ions, whilst the high conductivity (bulk σLi ∼1mS cm
−1

at room temperature)

arises from the mobile Li ions.

The A-site deficient compound is formed from the parent structure Ba
2+
Ti

4+
O3 as
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a starting point, substituting La
3+

into the A-site (Ba
2+
) to give La

3+

2/3TiO3 (where one

third of the A-sites are vacant owing to charge neutrality). Small amounts of Li are

then substituted into the A-site, according to the formula Li3xLa2/3−xTiO3. Ion migration

occurs through a network of A-site vacancies and Li ions; by increasing the La/Li ratio to

> 1, A-site vacancies are created, and a maximum conductivity has been observed for the

ratio La/Li = 1.4 [95].

As for themechanism for conductivity, it is believed to proceed via theA-site vacancies

and involves rotating/tilting of TiO6 octahedra corresponding to the opening/closing of

bottlenecks with a positive volume of activation, i.e. a dilation of the bottleneck occurs as

Li jumps from A-site to vacancy. The size of the bottleneck can be modified by dopants,

thus changing the activation energy and the conductivity. Emery et al. [96] used a

combination of electrochemical impedance spectroscopy (EIS) and
7
Li nuclear magnetic

resonance (NMR) techniques to understand the conductivity in LLTO. They found that

the motion of lithium is highly correlated, explaining the large difference in activation

energies measured by the two different techniques.

These materials have a large grain boundary resistance, with inconsistencies in the

reported conductivity possibly arising from differences in grain size and thus grain

boundary contributions to the total conductivity. It is thus important to understand the

microstructure when dealing with these and similar materials, and to be able to carefully

control the synthesis conditions as they have a large impact on electronic properties.

In addition, despite high conductivity values, a major problem with the possible use

of this material as an electrolyte in lithium batteries is, as in LATP, the reduction of Ti(IV)

to Ti(III) at relatively low potentials (∼2V), with the onset of electronic conductivity and

short-circuiting being possible [85]. The drive for a conductive yet stable material, based

on a structure with similar constituents to LLTO, has led to the development of garnet

lithium conducting oxide materials, which are the focus of this thesis and are discussed

below.

3.2 Garnet-Type Electrolytes

In the previous discussion of inorganic crystalline electrolytes it has been shown that, in

general, most of the discoveredmaterials have either high ionic conductivity (for example

LLTO), or high electrochemical stability (i.e. LISICON), but not both. Garnet-type

electrolytes based on the formula Li7La3Zr2O12 on the other hand, possess high lithium

ion conductivity (>1mS cm
−1
) and good thermal, chemical and electrochemical stability

against reactions with prospective electrode materials, making them a promising family

of solid electrolyte for all-solid-state lithium ion rechargeable batteries.

3.2.1 Background

Traditional garnets have the formula A3B2C3O12, and consist of AO8 dodecahedral cages,

BO6 octahedral cages and CO4 tetrahedral cages. In the mineral form, they exist as

orthosilicates with C=Si, for example the gemstone grossular garnet, Ca3Al2Si3O12. These
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Figure 3.4: The idealised garnet crystal structure with formula A3B2(CO4)3 showing

isolated BO6 octahedra (corresponding to ZrO6 in LLZO) and black and grey spheres of

A and C cations, respectively. The three tetrahedral C-sites can be occupied by Li in

conventional Li garnets, but on filling with more Li, the six octahedral and two trigonal

prismatic interstitial sites are also available to be occupied, as indicated. Figure from

Cussen [98].

materialswerefirst synthesized and studied asmagnetic rare-earth functional garnets (e.g.

‘YIG’ and ‘YAG’, Y3Fe2Fe3O12 and Y3Al2Al3O12, respectively) which received scientific

interest due to their useful technologically-related physical and chemical properties such

as in laser applications (YAG is a host material for solid state lasers) [97]. An ideal garnet

has a face-centred-cubic (FCC) lattice with the space group Ia ¯
3d. The crystal structure is

shown in Figure 3.4.

Thangadurai et al. [99] first discovered lithium conduction in garnet-type materials in

2003 for the Li ‘stuffed’ structure Li5La3M2O12 (M = Nb, Ta), which they reported to have

a bulk conductivity of the order 10
−6

S cm
−1

at room temperature. This sparked interest

in these materials as lithium conducting candidates for lithium battery electrolytes.

Lithium garnets which fulfil the ideal A3B2(CO4)3 structure were first synthesised by

O’Callaghan [100] in an attempt to understand the structural properties of the lithium

garnet family and to draw conclusions between lithium content and conductivity. The

difficulty with studying these materials is their complex crystal structure combined

with the negligible scattering of X-rays by lithium when using X-ray diffraction (XRD)

techniques, making the determination of structural data rather difficult. Using neutron

diffraction (ND) studies on Li3Ln3Te2O12 (Ln = Y, Pr, Nd, Sm-Lu), O’Callaghan found an

increase in lattice constant with increasing Ln ionic radius, and that Li is located only in

tetrahedral (Td,Wyckoff notation 24d) C-sites in the cubic space group Ia ¯
3d. O’Callaghan

[100] found a fairly low Li conductivity of 10
−5

S cm
−1

at 600
◦
C, with a high activation

energy (>1 eV). This implied that the lithium in the tetrahedral 24d sites is less mobile and

must not be responsible for high conductivity found in higher-doped Li garnets. It was

suggested that to improve conductivity, the amount of Li in the octahedral (Oh, Wyckoff

symbols 48g and 96h for ordinary and distorted octahedra, respectively) lattice sites in

these systems needed to be optimised.
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Figure 3.5: Lithium polyhedra occupancy in the garnet structure

Li5+xLa3−xAxM2−yByO12 where A= divalent, M= tri/tetravalent and B= pentavalent

cations. Three possible arrangements of Li ions is shown in (a) to (c), see text for an

explanation of these arrangements. Figure from O’Callaghan and Cussen [101].

3.2.2 Lithium-Rich Garnets

This need to optimise the lithium content in order to improve the conductivity led to

the development and study of a wide range of lithium-rich, or ‘stuffed’, garnets, which

contain more lithium than can be accommodated at the tetrahedral C-sites, and in which

the excess lithium begins to populate the octahedral 48g interstitial sites. These garnets

have 5-7 Li atoms per formula unit.

The Li5-phase Li5La3M2O12 (M = Nb, Ta, Sb) was also studied by ND by O’Callaghan

and Cussen [101, 102] and found to exist in the same cubic structural form as the Li3

phase but with lithium in both partially-filled tetrahedral (24d) and distorted octahedral

(96h) sites. This was also found to be the case for Li6-phases, such as Li6ALa2M2O12

(A= Mg, Ca, Sr, Ba), produced by substituting La
3+

with divalent ions to increase the

Li concentration, except that the Li6 phases have a higher concentration of vacancies on

tetrahedral 24d sites [103, 104]. The formation of vacancies allows for clustering of Li to

avoid electrostatic repulsion caused by small Li-Li distances [101].

Eachoctahedron (96h, 48g) is connected to two tetrahedra (24d)while each tetrahedron

is connected to four octahedra by face-sharing, as shown in Figure 3.5. The figure also

shows the electrostatic repulsive effect of Li ions in close proximity: when tetrahedral

geometry is adopted (24d), the neighbouring Li is located either in another tetrahedron,

with avacant octahedron separating the two ions (Figure 3.5c) or in an adjacent octahedron

but in a distorted position (96h), away from the face of the occupied tetrahedron (Figure

3.5b). When a central octahedral site is occupied (Figure 3.5a), it is believed that

the adjacent tetrahedral cannot be occupied by another lithium due to unfavourable

Coulombic effects. Hence any adjoining 24d − 96h − 24d unit must always have at least

one vacant site, and A-site 24d vacancies must occur when the amount of Li per formula

unit exceeds three [69]. From this setup it is clear that there are a number of unoccupied
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Figure 3.6: Effect of lithium content on room temperature conductivity (σ) and Li site

occupancy in lithium-rich garnets. Adapted from Thangadurai et al. [107].

sites (vacancies) into which Li ions may migrate and cause Li sublattice rearrangement as

part of a cooperative conduction mechanism. This led to the prediction by Xie et al. that
the upper theoretical limit for Li content which can be accommodated by the structure is

7.5 Li per formula unit [105], involving half-occupancy of 24d C sites, fully octahedral site

occupancy, and an ordering of the C-site vacancies.

As previously mentioned, the increase in occupancy of octahedral Li sites is related

to an increase in conductivity (see Figure 3.6). It was originally believed that the highest

conductivities corresponded to a lithium content of 7 atoms per formula unit. In 2007

Murugan [106] synthesised the conductive compound Li7La3Zr2O12 (LLZO); however,

in trying to replicate these results, Awaka [103] found only a less-conducting tetragonal

polymorph with space group I41/acd, which is the thermodynamically stable form of

pure LLZO. The nominal stoichiometry of ‘fast ion conducting’ pure Li7La3Zr2O12 is thus

a misnomer. The reason for the reduced conductivity in the tetragonal form arises from

the fully ordered distribution of lithium atoms and vacancies (with all octahedral sites

occupied), and in fact the cubic form is only stabilised due to addition of Al into the lattice

(inadvertently at first through the use of alumina crucibles at elevated temperatures), such

that the cubic ‘Li7’ garnets are actually of the form Li7−x , with the necessary presence of

Li vacancies for cubic stabilisation. In fact, around 6.5 Li per formula unit, short-range

ordering of the Li sites occurs, which means that just below this Li content, the highest

conductivity in the material is obtained [105]; this Li7−x form of the material is what is

meant when referring to ‘cubic LLZO’.

3.2.3 Structure and Transport

The high conductivity of the cubic LLZO material has resulted in a number of studies

looking at the mechanism for Li transport, using a mix of NMR techniques, simulation

studies and neutron diffraction data to understand the link between structure and

transport of Li in the lattice.
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Solid state NMR techniques have been used in several studies of garnets to follow

the conduction mechanism. Structural information is obtained through high resolution

6,7
Li magic angle spinning (MAS) NMR, using the interpretation of chemical shifts to find

the lithium occupancy of sites with different chemical environments. Information about

lithium diffusion is found from lineshape analysis of static NMR spectra as a function

of temperature or relaxometry experiments. It should be noted that unambiguous

assignment of lithium sites is difficult as the range of chemical shifts (δ) is narrow for

these materials. O’Callaghan et al. [108] used
6
Li NMR to investigate the family of

Li3+xNd3Te2−xSbxO12 and found that the lithiummotion is between octahedral sites only,

with no involvement of the tetrahedra. They believed the energy barrier to migration

from tetrahedron to octahedron is too high to be viable in these systems (Figure 3.7a).

Cussen [98] is in agreement with this hypothesis, stating that the lithium motion in

LLZO is a cooperative mechanism through the edge-sharing octahedra only. However,

Bottke et al. found that in Li6.5La3Zr1.75Mo0.25O12 both 24d and 96h neighbouring sites are

involved inLi diffusion, implying jumpprocesses along octahedral-tetrahedral-octahedral

(Oh-Td-Oh) pathways [48].

Xu et al. [109] used density functional theory (DFT) simulations and found the

conduction pathway to be highly dependent on the lithium content. They used a Vienna

ab initio simulation package to model Li conductivity by finding the minimum energy

path of Li ion migration at 0K. They found that in Li7-LLZO, the high occupancy of

octahedral sites mean that the vacant octahedral sites (10% of total octahedral sites) must

be involved in the diffusion pathway. They suggest that migration must occur between

two octahedral sites located either side of a tetrahedral site (Figure 3.7c).

These two migration pathways have different energy barriers, with ‘route A’

(octahedral-octahedral jump, Figure 3.7b), having the higher activation energy (0.8 eV

calculated), and ‘route B’ (octahedral-tetrahedral-octahedral path, Figure 3.7c) involving

several energy minima, but with an activation energy calculated to be 0.26 eV for the

energy maxima for crossing the tetrahedron-octahedron border. It would therefore be

expected that the bottleneck pathway formovement between octahedral lithium sites via a

neighbouring tetrahedron (‘route B’) is the favourable pathway. However, it is known that

DFT tends to overestimate activation energies and as this study is purely computational

performed at 0K, care must be taken in its interpretation.

Thesefindings are in agreement by theworkof Jalemand co-workers,who investigated

the diffusion coefficient and site occupancy of Li ions within the three-dimensional

network structure of cubic LLZO using ab initio molecular dynamics [110]. They found

the mechanism for Li self-diffusion to be a concerted migration through two jump events:

(i) cooperative motion through the Oh-Td-Oh Li arrangement, and (ii) a direct edge-pass

jump (Oh-Oh), due to the unstable residence of Li ion at the tetrahedral site.

Work by Han et al. [111], using a maximum entropy method analysis of neutron

diffraction data to obtain the nuclear density distribution of LLZO with temperature,

is in agreement with Xu and Jalem; they describe a lithium diffusion pathway of

‘Li(24d)–Li(96h)–Li(48g)–Li(96h)–Li(24d) chain segments’. Additionally, work by Wang
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Figure 3.7: Energy barriers for lithium diffusion across different geometries in the

lithium garnet family, calculated by Xu et al. [109] (a) Li3 material: energy cost to move

Li from tetrahedral (Li(1)) site to neighbouring octahedral site (Li(2)); (b) and (c) possible

migration pathways for LLZO: (b) is an octahedral-octahedral jump (also seen for Li5

materials), where (c) is an octahedral-tetrahedral-octahedral movement were the

bottleneck is at the tetrahedral site.
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et al. [112] used 6
Li magic angle spinning and

7
Li pulsed field gradient NMR to show that

the lithiummobility at the 24d sites dominates the total ionic conductivity of the samples,

acting as a bottleneck for diffusion.

Recently, a new acentric symmetry for LLZO (I ¯
43d space group) has been discovered

by Wagner, Rettenwander et al. [113–115] for Li7−3xFexLa3Zr2O12 (for 0.09 < x < 0.30),

Li7−3xGaxLa3Zr2O12 (with x> 0.07) and Li6.4Al0.2−xGaxLa3Zr2O12 (where the phase

transition occurred for an Al:Ga substitution ratio of 0.05:0.15). In the co-doped material,

the symmetry changewas shown to be accompanied by a reduction in the Li ion transport

activation energy to 0.26 eV. This space group had only been reported before for the

protonated material Li6−xHxCaLa2Nb2O12 [116], was confirmed by transmission electron

microscopy (TEM) and attributed to the unequal Li
+
and H

+
distributions in the network

(see Section 3.3). In the work on the doped LLZO materials, it was seen that an increase

in Li conductivity increases with an increase in the Ga/Al content ratio, accompanied by

a lower area specific resistance and smaller grain size. The formation of the I ¯
43d space

group is attributed to the site preference of Ga
3+
, which causes a splitting of the 24d

position into two different sites, namely Li1 (12a) and Li2 (12b). The behaviour of Fe is

shown to be very similar to Ga in this respect. This change in structure leads to a change

in lithium diffusion mechanism and faster Li ion dynamics probed by NMR relaxometry

[113]. These results are interesting because they show that LLZO materials with the I ¯
43d

space group show superior Li-ion conductivity compared to that of conventional LLZO

garnets with the Ia ¯
3d space group, a discovery which has only recently been made.

These studies illustrate that a delicate interplay exists between crystal structure,

lithium content, site occupancy, and total conductivity in the LLZO system.

3.2.4 Doping

As described in Section 3.2.2, the undoped, pure LLZO structure exists as a tetragonal

polymorph (I41/acd space group), whichhas poor ionic conductivity at room temperature

(∼10−6
S cm

−1
) due to the ordering of the lithium lattice (full octahedral site occupancy).

This space group is the thermodynamically stable form of LLZO, existing at room

temperature due to a volume-preserving tetragonal distortion that relieves internal

structural strain [117]. Increasing the temperature to around 650
◦
C results in a phase

transition to the cubic Ia ¯
3d phase [117–119], which has a disordered Li sublattice (with all

Li symmetry sites partially occupied). The cubic phase is the technologically useful form

as it has approximately two orders of magnitude greater conductivity than the tetragonal

phase, and thus stabilising the cubic phase at room temperature is desired. This is possible

through the use of cation supervalent dopants.

Supervalent doping with e.g. Al
3+

at the Li sublattice introduces Li vacancies (V
′
Li
)

due to charge balance (Equation 3.1, in Kröger Vink notation). With enough of these

vacancies, the ordering of the Li sublattice is disrupted, and the resultant disorder, in

combination with lattice relaxation, produces the cubic phase [35, 117].

Al
2
O

3

LLZO

2Al
Li

+ 4V
′
Li
+ 3O

×
O

(3.1)
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These same vacancies are also responsible for opening up previously blocked Li
+

hopping paths leading to an enhanced conductivity. This observation has led to a

number of studies focussed on improving the conductivity through doping strategies;

these include substitution of donor dopants at the Zr (16a) and La (24c) sites (i.e. with

higher-valent Ta(V) [69, 119–124] and Ce(IV) [125]), which were selected so as to prevent

the obstruction of lithium ionic pathways for conduction which might be expected when

doping at the Li sites [126]. Examples of these substitutions are given in Equation 3.2 and

3.3.

Ta
2
O

5

LLZO

2Ta
Zr
+ 2V

′
Li
+ 5O

×
O

(3.2)

CeO
2

LLZO

Ce
La

+ V
′
Li
+ 2O

×
O

(3.3)

The effect of dopant type and content on bulk ionic conductivity is summarised nicely

by Thangadurai [107, 127] in graphical and tabular form. A point of note is the lack

of clear distinction in the literature on the bulk and the grain boundary conductivity of

measured pellet samples. ’Total’ conductivity is often quoted, and it is often not specified

if this refers to the bulk or the bulk plus grain boundary contributions. In most cases they

are not easy to separate and thus there is a lot of spread in the results. However, some of

the highest reported conductivities to-date using supervalent dopants substituted at the

Li sublattice are summarised in Table 3.1.

Table 3.1: Reported conductivities in the literature for doped LLZO with cations

substituted at the Li sublattice (chemistries reported are as nominally intended).

Dopant and substituted
cation site

Dopant amount
(atoms per

formula unit)

Total
conductivity
at room

temperature
(S cm−1)

Activation
energy (eV) References

Al
3+

(site unspecified) 0.15-0.40 2.0-9.9x10
−4

0.30-0.37

[121,

128–130]

Ga
3+

(site unspecified) 0.30 5.4x10
−4

0.32 [131]

Ge
4+

on La or Li (unspecified) 0.12 7.6-8.3x10
−4

- [132, 133]

Al
3+

on 24d Li 0.20-0.30 4.0-5.2x10
−4

0.20-0.55

[51,

134–136]

Ga
3+

on 24d Li 0.15-0.25 1.2-1.5x10
−3

0.25-0.30

[113, 137,

138]

Ga
3+

on 24d Li and Sc
3+

on Zr 0.15 (0.10 Sc) 1.8x10
−3

0.29 [139]

Fe
3+

on 12a Td Li (I ¯
43d space

group)

0.25 1.4x10
−3

0.28 [114]

Amongst the highest room temperature ionic conductivities in LLZO have been
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achieved by doping on the Li sublattice (with Ga
3+

and more recently Fe
3+
) [113, 114,

137, 138], sometimes in combination with a co-dopant at the Zr site [139], suggesting a

threshold value of dopant concentration that can be accommodated without disruption

to fast lithium diffusion. Following the discovery that dopants enable cubic stabilisation

and an increase in conductivity (in particular the role of Al
3+

which had unwittingly

been introduced from alumina crucibles during synthesis in Murugan’s paper [106]), an

understanding of their exact site occupancies and content for optimum conductivity has

been investigated.

Aluminium Doping

The nature of the aluminium substitution is still subject to some debate; solid state NMR

studies by Hubaurd and Buschmann suggest Al occupies the 24d lithium site [134, 140],

Geiger’s interpretation of NMR
27
Al resonances point to occupancy of both 24d and

octahedral positions [141], whilst neutron diffraction studies by Li et al. suggest that

Al resides in 48g octahedral sites [142]. Neutron diffraction by Gu et al. and Wang et
al. modelled Al in the 24d site [112, 120]. Rettenwander tried to consolidate the two

interpretations with the use of DFT calculations by suggesting Al
3+

could have a number

of slightly different local 4-fold coordinations around the crystallographic 24d and 96h
sites in cubic LLZO, leading to broad

27
AlNMR resonanceswhich are not straightforward

to interpret. He suggested that the 48g site may be partially occupied, but that the

calculated Al NMR chemical shift value for such coordination has not been observed in

experimental NMR spectra [143]. Meanwhile, Düvel used
7
Li NMR to predict that Al

will also enter La and Zr sites with increased Al content [144]. Limitations associated

with both NMR and ND experimental techniques for the localisation of atomic positions

affect the confidence with which researchers can assign dopant lattice sites; despite being

a local technique, interpretation of NMR line shapes is non-trivial (especially when broad

resonances are observed), and neutron diffraction is a non-local technique which only

provides an average structural description.

Rangasamy investigated the effect of Al and Li concentration on the formation of cubic

LLZO, and found that at least 0.204 moles of Al is required to stabilise the cubic phase.

The solubility of Al in the cubic phase is suggested to peak at 0.389 moles [145].

From an experimental viewpoint, it is important to note the difficulty in separating

the effect of Al on cubic stabilisation and increased conductivity from other Al-associated

observations, such as its behaviour as a sintering aid [128] arising from the formation of

a Li2O-Al2O3 melt during high temperature sintering (see the phase diagram in Figure

4.1 of Chapter 4). This effect leads to a reduced precision in controlling the Al doping

content in the garnet lattice, as Al can segregate at the grain boundaries [140, 146], and Al

from the crucible can create a gradient of concentrations through the sample. The picture

is further complicated as many literature reports do not make the distinction between

nominal and actual aluminium content in their samples, or they are unable to separate

Al present in the bulk material and in grain boundaries using bulk techniques such as

inductively coupled plasma (ICP) spectroscopy.
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Gallium Doping

Following the success of aluminium doping on the transport properties of Al-doped

LLZO (Al-LLZO), attention has since been directed at using other dopant cations on Li

sites. Because gallium is located directly below aluminum in the periodic table, and

hence should show similar crystal-chemical behaviour, it was selected as a dopant at the

Li sublattice, and has been shown to stabilise the cubic phase and provide even better

conductivities (up to 1.46mS cm
−1

reported by Wu et al. [138]).
El Shinawi [131] obtained cubic garnets with room temperature conductivities of up

to 5.4 × 10−4
S cm

−1
with a doping level of 0.3 Ga atoms per formula unit (Ga0.3). Below

Ga0.3, the tetragonal phase was obtained, and above Ga0.4, impurity phases including

LiGaO2 were observed, indicating the excess Ga was not incorporated into the garnet

lattice. They proposed that a similar mechanism to that of aluminium substitution was

occurring.

Later work by Bernuy-Lopez et al. [137] reported conductivities of 1.3mS cm
−1
, the

highest values at the time. This was achieved with a doping level of 0.15 atoms of Ga

per formula unit, as measured by ICP. It could well be the case that El Shinawi had real

Ga concentrations lower than reported, as the values quoted are those expected from the

stoichiometry of reagents, but here not directly measured. Bernuy-Lopez et al. used 71
Ga

NMR to find that the Ga was present in the 24d (tetrahedral) sites of the LLZO lattice.

They hypothesised that 0.15 moles of Ga provides the optimum concentration of Li ion

charge carriers andLi vacancies in the conduction pathway. The reduction in conductivity

at higher doping levels (Ga0.3) is attributed to blocking effects of Ga in the 24d position.

Additionally, the processing of the material in the latter report was more tightly

controlled, with a dry oxygen furnace for heat treatment, to obtain denser samples and to

prevent moisture reaction which is detrimental to conductivity (this is discussed later in

Section 3.3). This further illustrates that caremust be taken in interpreting the conductivity

values, as factors such as microstructure, purity and measurement setup will influence

the conductivity measured by impedance spectroscopy. The effect of microstructure and

density is important as this will alter the grain contact and affect the volume fraction of

the grain boundary phase, which has a different conductivity to the bulk material [135,

147].

To explain why Ga doping produced a higher conductivity material than Al-LLZO,

the size and site preferences of the cations was used as an explanation. A table of the

cation crystal radii under different coordination environments is given in Table 3.2. The

larger Ga
3+

is expected to prefer the 96h octahedral site over the 24d site [126], which

might be expected to be less of a hindrance for Li transport, as the 24d site is a junction

for Li ion diffusion. However, the crystallographic position of Ga in the lattice has,

like Al, proven difficult to ascertain, with
71
Ga NMR studies giving different results.

As mentioned previously, Bernuy-Lopez [137] reported the Ga
3+

to be in the 24d site,

whereas Rettenwander first reports a preference for the Ga at 96h sites [148], and in a later

report, using stronger magnetic fields, suggests that neither Al or Ga have a difference in

preferences for 24d or 96h sites in the Ia ¯
3d symmetry [149]. These differences in opinion
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Figure 3.8: Ia ¯
3d and I ¯

43d cubic space groups of LLZO. (a) Crystal structure of Ia ¯
3d

LLZO, showing blue LaO8 dodecahedra (24c), green ZrO6 octahedra (16a) and lithium

distributed over three sites: 24d tetrahedral coordination (red spheres), 48g octahedral

coordination (green spheres), and distorted 96h octahedral coordination (blue spheres);

(b) gives the Li-ion diffusion pathway. (c) Crystal structure of I ¯
43d LLZO, with the

lithium distributed over three sites: two tetrahedrally-coordinated 12a (red spheres) and

12b (orange spheres), and 48e octahedral coordination (yellow spheres); (d) gives the

Li-ion diffusion pathway. Figure fromWagner [115].

arise from difficulties in interpretation of NMR lineshapes, and also likely a dependence

on the synthesis conditions.

In a recent study byWagner [115], in which the Ga-doped LLZO (Ga-LLZO) (and also

Fe-doped LLZO) is seen to crystallise in the I ¯
43d structure (Figure 3.8c) for greater than

0.15 Ga atoms per formula unit (a.p.f.u.), XRD and ND data refinements suggest the Ga

has a site preference for the 12a tetrahedral Li site, which drives the symmetry reduction

change and is tentatively used to explain the higher electrochemical performance of

Ga-LLZO when compared to Al-LLZO. While the small Al
3+

keeps Ia ¯
3d symmetry, the

larger Ga
3+

and even larger Fe
3+

show the change in symmetry, indicating a strong

influence of steric size effects on inducing the symmetry change. Indeed, Ga
3+

and Fe
3+

have been shown to prefer the larger and more distorted (12a) tetrahedral site [114].
Rettenwander [113] and co-workers then explored this comparison between Al- and

Ga-doped LLZO further by measuring activation energies for a series of co-doped

materials with the formula Li6.4Al0.2−xGaxLa3Zr2O12 (0 ≤ x ≤ 0.2, with increments of

x � 0.05). They found the lowest overall activation energy for theAl0.00Ga0.20 end-member

(∼0.26 eV), lower than previously reported (0.3 to 0.37 eV) but similar to computed values

(0.24 to 0.3 eV). Two distinct drops in activation energy were found for the compositions

Al0.15Ga0.05 and Al0.05Ga0.15. Using DFT calculations, the first drop was attributed to the

presence of Ga
3+

raising the site energy of its tetrahedral neighbour by 10meVmore than

Al
3+
; this acts to smooth the energy landscape for Li migration, effectively lowering the

energy difference between Oh and Td Li sites. The second drop was explained by the

change of phase to I ¯
43d symmetry at Al0.05Ga0.15, which is expected to have more facile
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Li diffusion than the Ia ¯
3d structure.

Not all lithium ions can contribute to conduction simultaneously, because only a small

number of vacancies are available - Ahmad estimated that the concentration of charge

carriers in LLZO is ∼ 12.3% of the total lithium ions [150]. Thus, it is suggested that

activating more lithium ions to participate in conduction may improve the conductivity

[138], as well as enlarging the lithium ion migration pathway and using the strong

Coulombic interactions between cation dopants and the lithium ions to activate the Li for

conduction [138].

A Li conductivity limit has been given by Jalem et al. [72] on the basis of force field

simulations, of σbulk � 1.7mS cm
−1

[151] for Ga-doped LLZO. Many researchers believe

there is a sweet spot for the Li content in LLZO for optimum conductivity between 6.4-6.6

Li a.p.f.u. [50, 105, 117, 152, 153], which corresponds to the lowest number of lithium

vacancies required to stabilise the cubic phase. Hence for a trivalent Ga or Al substitution

on a Li site, 0.13-0.2 a.p.f.u. of dopant cations are needed. This value provides the

guideline for balancing maximum Li content whilst optimising the vacancy content to

achieve high conductivity.

Table 3.2: Table of crystal radii of cations in LLZO, showing their valence and crystal

radius in 4- and 6-fold coordinated (CN) sites; data from Shannon’s Revised Effective Ionic
Radii [154].

Ion Valence 4 CN crystal
radius (Å)

6 CN crystal
radius (Å)

Li +1 0.73 0.90

Zr +4 0.73 0.86

La +3 - 1.172

Al +3 0.53 0.675

Ge +4 (+2) 0.53 0.67 (0.87)

Zn +2 0.74 0.88

Ga +3 0.61 0.76

Fe +3 (+2) 0.63 (0.77) 0.69 (0.75)

P +5 (+3) 0.31 0.52 (0.90)

Si +4 0.40 0.54

Higher Supervalent Dopants

Using higher valent cation dopants means theoretically a lower content of dopant is

required to obtain the same Li ion and vacancy concentration compared to the case

of a lower valent dopant, based on charge compensation arguments, which could be

advantageous if a blocking effect of the cation is reduced. Some studies on higher valent

dopants at the Li sublattice have been made, exploring this theme further.
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Huang et al. [133] reported Ge-doped LLZO which stabilised in the cubic phase with

a room temperature conductivity of 8.3 × 10−4
S cm

−1
for 0.12 Ge a.p.f.u. (where it is not

clarified if this is a bulk or total conductivity). Higher nominal dopant concentrations gave

GeO2 impurity phases in the XRDpatterns, expected to be located at the grain boundaries,

and the corresponding impedance spectra showed separation of grain boundary and bulk

semicircle responses at these higher concentrations. Using the argument of the optimal

Li content of 6.4-6.6 a.p.f.u., and assuming substitution at the Li sublattice, it would

be expected that 0.1-0.15 Ge a.p.f.u. would give the best lithium conductivity. They

also observed grain growth as a function of Ge content, likening its similarity to Al

as a sintering aid. The similarity in ionic radii between Al
3+

and Ge
4+

can be seen in

Table 3.2; thus it might be expected that the two cations will have similar crystallographic

preferences in the lattice. Despite using zirconia crucibles to sinter the pellets, the starting

materials were heated on alumina crucibles, and no quantitative chemical analysis was

carried out, so it is not possible to rule out Al contamination and its lattice stabilisation

effects. The study used X-ray absorption near-edge spectroscopy (XANES) to attempt to

localise the Ge dopant position, and determined the Ge
4+

to occupy either the La (24c)
sites or 96h Li sites in the Ia ¯

3d crystal structure, by comparing experimental Ge K edge

spectra with theoretical spectra. This preliminary study shows that it might be possible

to stabilise the cubic LLZO using Ge
4+

doping, but further work is needed to characterise

the material.

Huang [132] also attempted doping with Si
4+
, but found it resulted in a reduction

of ionic conductivity, and energy dispersive X-ray (EDX) analysis showed that the Si

was concentrated at the grain boundaries. This might be explained by its crystal radius

(Table 3.2), being much smaller than Li
+
, Ga

3+
, Al

3+
and Ge

4+
, making it energetically

unfavourable to exist within the LLZO lattice.

No other higher valent dopants substituting at the Li position have been explored

experimentally; however, a theoretical paper by Miara et al. [155] has used first principles

methods to predict the defect energy and site preference of a large number of candidate

dopants (128 in total). Using a cut-off of 2 eV for the energy for defect formation, and

selecting the lowest energy for each element, their work predicts that Al
3+
, Ga

3+
, Zn

2+

and Fe
3+

reside at the Li site, with Ge
4+

preferring the Zr site, with the defect energies

given in Table 3.3. This is contrary to the work of Huang in their prediction of the Ge

substitution preference; however, limitations of both XANES and first principles methods

used in these papers for determining dopant site occupancy must be considered. Miara

et al. [155] also predict that neither Si
4+

nor P
5+

can be used to substitute at any position

in LLZO owing to the high calculated energy for defect formation in placing these cations

in the garnet lattice, reflecting Huang’s findings with experimental silicon doping.

3.3 Degradation of Garnets with H2O and CO2

The existence of hydrogarnets, obtained from proton-exchange of anhydrous garnets (e.g.

Ca3Al2(OH)12 from Ca3Al2Si3O12) has been known for some time [156]. Despite this,
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Table 3.3: First principles defect site energies in LLZO for a range of cations and oxidation

states, data from Miara et al. [155]. Bold values represent feasible dopant positions.

Element and
oxidation state

E(defect) for Li
site (eV)

E(defect) for Zr
site (eV)

Al
3+ 1.356 -

Fe
3+ 1.324 -

Ga
3+ 1.158 -

Ge
4+

5.536 1.106

Ge
2+

- 2.874

P
3+

4.78 3.549

P
5+

5.916 4.342

Si
4+

3.591 2.354

Zn
2+ 1.319 1.653

Li-stuffed garnets were initially thought to be stable tomoisture [106], but are now known

to be sensitive to moisture and undergo facile proton exchange with lithium [157–159].

This leads to a protonated garnet phase (H-LLZO), and the release of LiOHwhich goes on

to react with CO2 if present (e.g. in air), to form Li2CO3. Direct reaction with CO2 is also

possible, proceeding via the creation of oxygen vacancies to balance loss of Li ions. Both

reactions have been shown to stabilise the cubic phase material by creating a disordered

Li network [119].

Several groups have used EIS and diffraction studies to evaluate the chemical stability

and proton exchange of Li-stuffed garnets inwater and air. In 2010, Nyman [160] reported

an alternative approach to stabilising the cubic Ia ¯
3d phase starting from tetragonal

Li5La3Ta2O12 and Li5La3Nb2O12 compositions; placing the powders in liquid H2O, they

reported a pH increase to 10-11 caused by the proton-lithium (H
+
/Li

+
) exchange in the

material and a concomitant increase in the conductivity resulting from the phase change.

Galven et al. looked at Li7La3Sn2O12 and Li5La3Nb2O12 powders in benzoic acid in

ethanol solution, which were left to reflux for 1 week [161, 162]. Both compositions

underwent proton-lithium exchange, accompanied by a phase transitions from tetragonal

to cubic Ia ¯
3d symmetry in Li7La3Sn2O12, and a change of symmetry from cubic Ia ¯

3d to the

noncentrosymmetric space group, I213 in the Li5La3Nb2O12 material. The filtrate from the

reflux was analysed with flame photometry to assess the extent of protonation; this came

to 70% and 82% for the Sn- and Nb-doped materials, respectively. They hypothesised

that H
+
/Li

+
exchange occurs readily for garnet stoichiometries with greater than 3 Li

atoms per formula unit, and that the exchange propensity is independent of lithium ion

conductivity and lattice parameter. They also noted that following partial exchange, the

lattice parameter increaseddependingon the extent of exchange, and that this is attributed

to the replacement of strong Li-O bonds with weaker O-H—O bonds. Additionally, they
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observed no marked change in conductivity which, combined with NMR relaxometry,

they inconclusively put down to both the Li
+
and H

+
having similar mobilities.

Truong et al. [163] studied Li5La3Nb2O12 and Li5+xBaxLa3−xTa2O12 powders in water

at room temperature and noted an improved stability against protonation of the Ta-doped

material compared to the Nb analogue, which attributed to the greater strength and

covalency of the Ta-O bond over the Nb-O bond.

Larraz et al. [118] investigated the tetragonal-cubic transition temperature in LLZO,

and the apparent lowering of this temperature when the sample is hydrated (i.e. stored

in air, and/or heating steps performed in air). They found using in-situ XRD and

thermogravimetric analysis (TGA), that the pure, reversible transition occurs at 645
◦
C

on heating and 625
◦
C on cooling, and that a low-temperature (100 to 200

◦
C) transition to

a cubic phase is caused by the insertion of water molecules in the structure or a H
+
/Li

+

exchange mechanism, which, when heated at higher temperatures, results in loss of H2O

and adsorbed CO2 and reverts to the tetragonal form. This might be used to explain the

larger unit cells of many reported ‘low-temperature’ syntheses of cubic-LLZO.

In addition to tetragonal-cubic transitions, structural distortions starting from a

cubic Ia ¯
3d garnet have also been reported following proton exchange. Galven and

co-workers [116] studied Li6CaLa2Nb2O12 under acetic acid reflux and found it formed a

noncentrosymmetric structure with the I ¯
43d space group, with a 81.7% exchange of Li.

They used neutron diffraction to tentatively assign site preference for the protons and Li;

Li
+
was found to exist in 12b sites (corresponding to half of the 24d tetrahedral sites in

the Ia ¯
3d space group), with H

+
in two 48e sites (formed by the splitting of the distorted

96h octahedra in the Ia ¯
3d space group).

A paper by Orera [159] has a detailed analysis of the conditions determining the

proton-lithium exchange and obtained crystal phases from tetragonal LLZO, showing

that the symmetry and thus configuration of protons and lithium depends on the proton

content and exchange temperature, which themselves are not independent of one another.

They report that temperatures above 150
◦
C are required to facilitate homogeneous

exchange (by increasing the mobility of the Li
+
and H

+
ions). Air-annealing at 150

◦
C

for several days resulted in a highly-protonated noncentrosymmetric I ¯
43d garnet, as

described by Galven [116]. Figure 3.9 shows the proposed distribution of H and Li sites in

both structures; in the I ¯
43d structure, Li has a preferred occupancy of the 12b site, and the

protons sit in octahedral cages, bound to oxygen atoms surrounding the less-occupied 12a
site, forming O4H4 units around these sites. These units are also found in hydrogarnets,

where all the tetrahedral sites are empty. At 350
◦
C, air-annealing lead to a lower degree

of protonation, and the centrosymmetric Ia ¯
3d space group was adopted, with H and Li

split across Oh sites. The lower protonation at this higher temperature is thought to be

due to reinsertion of Li into the lattice from Li2CO3 formed in air; water reflux at 90
◦
C

saw much higher degrees of protonation, close to those seen with 150
◦
C air anneal. The

paper did not include conductivity measurements; however, the milder exchanges where

less lithium is exchanged are expected to be more conductive, owing to the presence of

mobile octahedral Li.
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Figure 3.9: Schematic representation of the Li and H sites in the refinement of H-LLZO;

crystallising in the I ¯
43d space group (top), after 150

◦
C air annealing; and the Ia ¯

3d space

group (bottom), after 350
◦
C air-annealing. Figure from Orera et al. [159].

Ma et al. [164], on the other hand, did not observe any phase transformation for cubic

LLZO exposed to aqueous solutions and suggested that LLZOwith the space group Ia ¯
3d

is relatively stable, even at very high H
+
/Li

+
exchange rates of 63.6%, which involve

almost entirely 96h Li sites. A particular focus of this study was on the presence of any

other space groups such as I213 or I ¯
43d, which the study clearly denies. As the phase

transition to I ¯
43d seems to be triggered by a splitting of the 24d position in Ia ¯

3d [115],

which is not affected by the H
+
/Li

+
exchange, it is difficult to see how a phase transition

can be caused by a H
+
/Li

+
exchange at the 96h position only; so possibly other processes

such as the heating to 350
◦
C might have caused the phase transition to I ¯

43d reported by

Orera [159].

Meanwhile, Shimonishi [165] followed the stability of cubic Li7−xLa3Zr2O12 in LiCl,

LiOH and HCl aqueous solutions, immersing pellets of the material in the solutions at

50
◦
C for 1 week before vacuum drying at 220

◦
C. The study reported no change in the

XRD patterns, unaltered bulk conductivities, but a change in the surface morphology

and decrease in grain boundary conductivity for the LiOH- and HCl-immersed samples,

as well as for samples immersed in liquid H2O. They report these observations to be

due to a segregation of highly resistive decomposition products at the grain boundaries

and surface of the pellets, but were unable to characterise these further as they were not

detected in the XRD patterns.

Yow [124] performed proton exchange on cubic Ta-doped LLZO pellets in H2O at

room temperature and found by TGA analysis that the extent of exchange was 5.4% after

1 day and 8.8% after 7 days immersion, using a core-shell model described previously

for Li0.34La0.55TiO3 perovskites [166] to describe the exchange process, which is density

dependent. The study predicted that, for a 100% dense pellet, with a linear composition

gradient between a protonated region (taken as the stoichiometry of the powdered

sample under the same exchange conditions) and an unprotonated core, the region of

proton-exchanged garnet would extend to 0.25mm after 1 week room-temperature H2O

immersion. The study measured the activation energy of the conductivity in the pellets

with immersion time, which increased from 0.39 eV after 1 day to 0.70 eV after 7 days, and
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usedmolecular dynamics simulations to hypothesise that for a high degree of protonation

(∼50%), the garnet is a mixed proton, lithium conductor at high temperature (∼1200K),
but a proton-conductor at low temperature (500K).

Crystallographic studies on the protonated cubic LLZO phases were later carried

out by Larraz et al. [157], using MAS NMR on air-exposed and washed powders to

remove soluble LiOH and Li2CO3 impurities and to detect chemical shifts associatedwith

lattice proton and lithium ions only; they have shown that the distorted octahedral sites

preferentially exchangewith the protons, which is in agreementwithwork byOrera [159],

Galven [116], Ma [164] and Li et al. [167] They also predict a low proton conductivity

owing to weak hydrogen bonding and protons being tightly bound to oxygen anions in

the lattice. Ma [164] showed that the stable exchange (up to 64% of Li) in cubic LLZO in

H2O can be reversed by immersing the protonated garnet in LiOH solution.

The implication of proton-lithium exchange and air reactivity on processing and

transport properties of the LLZO pellets has also been investigated. Bernuy-Lopez [137]

followed strict moisture-controlled synthesis of Ga-LLZO, handling and processing the

material under an argon atmosphere in a glove box, and performing heat treatments of

pellets and powders under pure, flowing oxygen. The study found the densification of

the pellet was improved as a result, giving high measured conductivities (and also with

implications for suppressing Li dendrite growth). MAS NMR was used to probe the

existence of protons of the material, before and after air exposure; proton shifts were

observed for both LiOH species and protons inside the lattice in a 1:1 ratio following air

exposure, highlighting the fast exchange in thematerial and the importance for controlled

atmosphere processing of the powders [166].

The Doeff group [168] investigated the air-reactivity of pellets of Al-LLZO and the

impact on interfacial resistance with Li metal electrodes. By controlling the particle size

of the powders, they were able to obtain small- (∼20µm diameter) and large- (∼150µm
diameter) grained pellets which showed differences in behaviour when exposed to air.

Although both pellet types formed Li2CO3 at the surface, thus increasing the interfacial

resistance with Li metal, the larger-grained material reacted much more dramatically,

giving an order of magnitude higher resistance after 24 hours air exposure than the

small-grained sample. This was attributed to the difference in Al and Li distribution

on the surface of the pellets; the larger-grained sample had more Li and less Al in the

grains, due to a more pronounced liquid-phase sintering process which favoured the

formation of Al-rich grain boundaries, depleting it in the bulk. The increased Li content,

and thus reactivity in the large-grain samples was shown to favour a two-step reaction in

air, reacting first with H2O to form LiOH, followed by reaction with CO2 to form Li2CO3.

However, in the Al-rich small-grained surface, the direct reaction with CO2 to form the

carbonate is favoured, but being the kinetically slower reaction, Li2CO3 forms to a lesser

extent at the surface in the same exposure time. This report used X-ray photoelectron

spectroscopy (XPS) to study the surface only of the pellets, and does not comment on

the insertion of H
+
into the lattice, or the likely extent of proton exchange in the two

types of samples. They were not able to separate grain and grain boundary processes
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in their impedance measurements, and as such did not evaluate the change in transport

properties of these features following air exposure.

Sharafi et al. [169] also reported on the interfacial properties with lithium metal

electrodes due to the formation of the LiOH/Li2CO3 degradation products on the surface

of the ceramic. The study found that the air reactivity depends on the relative humidity,

with a higher relative humidity favouring faster Li2CO3 formation. They used electron

energy loss spectroscopy (EELS) analysis to determine the reaction progresses through

the two-step process described above, and found a Li-deficient layer below the top Li2CO3

layer, supporting the idea of the reaction progressing via a lithium exchange mechanism.

To summarise this review section on air and moisture degradation of Li-stuffed

garnets, muchwork has focussed on the ability of proton-lithium exchange to stabilise the

cubic Ia ¯
3d garnet phase in powder samples in acidic media. It is generally agreed that the

octahedral Li exchange preferentially with protons, being the more mobile site. Various

noncentrosymmetric modifications have been discussed as a result of the exchange

process, which are dependent on several experimental factors. However, there is a need to

evaluate the macroscopic implications of H
+
/Li

+
exchange - very few studies look at the

conductivity of exchangedmaterials - despite some reports of dynamic exchange between

octahedral and tetrahedral Li sites in the protonated compounds [157], their long-range

conduction has not been evaluated.

3.4 Interface of Garnets with LithiumMetal Electrodes and Cell
Cyclability

The wide electrochemical stability window of LLZO garnets is in principle such that they

are compatible with Li metal as an electrode; this in combination with the mechanical

hardness of the ceramic (hardness/yield strength of ∼6.3GPa for LLZO compared to

0.655GPa formetallic lithium) [170] was expected to prevent the formation of Li dendrites

[171] commonly formed with liquid or polymer electrolytes. However, reports of

short-circuiting due to dendrite-like creation have been reported in LLZO/Li metal cells,

highlighting the need to understand the stability of the system, especially under electric

polarisation [129, 172]. Kotobuki observed short-circuiting behaviour above an applied

current of density of just 10µAcm
−2

in a symmetric Li metal cell with an undoped, cubic

LLZO [172], putting the behaviour down to high interfacial resistance between the metal

andLLZO, caused by an inhomogeneous current distribution between the two. In general,

this high interfacial resistance dominates the total cell resistance, especially when using

very thin ceramic electrolyte membranes, and so is the limiting factor in cell performance

(preventing the accessibility of high current densities and thus fast discharge/charge

cycles).

The origins of high interfacial resistance are multiple: poor electrode/electrolyte

contact, slow charge transfer and low charge carrier mobility in the interfacial region can

each increase interfacial resistance [173]. Several strategies for improving the contact at

the interface have been successful at reducing the interfacial resistance - including the use
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of heat and pressure for improving Li metal wettability, and chemical andmicrostructural

modifications of the LLZO pellet interface. Some of these strategies are described below.

Prior to their work described in the previous section [168], Cheng et al. [173] showed a

simple polishing procedure and care of handling could remove corrosion products (LiOH,

Li2CO3) formed on the surface during air exposure, resulting in an eight-fold reduction

in the area specific resistance (ASR, defined as the interfacial or charge-transfer resistance

of each electrode, normalised by area) of the Li/Al-LLZO interface. Sharafi et al. [174]

extended this work by using contact angle measurements to quantify the Li wettability

on LLZO, following wet and dry polishing procedures, and heat treatments. They report

a low ASR (2W cm
2
) to be due to a combination of surface corrosion layer removal, and

good wettability achieved by fine polishing (0.5µm roughness) and heat treatment.

Cheng [147] also investigated the effect ofmicrostructure and found that the interfacial

resistance and cycling performance in Li/LLZO/Li cells are strongly correlated with

the grain size and can be reduced by engineering of the microstructure and grain

boundaries. Smaller grains (bimodal distribution of both 20 to 40µm and less than 10µm
diameters) resulted in a lower ASR and higher critical current before short-circuiting than

large-grained LLZO (100 to 200µm). X-ray Laue microdiffraction showed no difference

between the two microstructures, confirming that the better performance observed for

small-grained samples can be attributed to the larger relative amount of surface layer grain

boundaries, rather than grain orientation and grain boundarymisorientation effects. This

implied a beneficial effect of presumably low resistance grain boundaries on the interface

with lithium metal. However, no further comment was made on this observation, in

terms of the interaction of grains and grain boundaries with Li metal electrodes.

Chemical modifications/interlayers have also been used as an alternative approach

to improving the contact at the electrode/electrolyte interface and/or to reduce the

decomposition of the LLZO during cycling, which could lead to dendrites and cell

failure. The idea is to create an interlayer which can enhance the interfacial charge

and charge carrier (Li
+
) transport properties. Luo et al. [175] used an amorphous Si layer

on LLZO which becomes lithiated on contact with lithium metal, to improve the lithium

wettability and thus enhance the Li mobility, leading to a smaller ASR (127W cm
2
) and

charge/discharge cycling with up to 0.2mAcm
−2

current densities. Han et al. [176] used
an Al2O3 layer to reduce the ASR to the lowest reported value yet (1W cm

2
) and provide

cyclability at 0.2mAcm
−2
, using the same arguments as Luo et al., but the interface

resistance was not directly measured using EIS; instead, the ASR was extrapolated from

direct current cycling data. Neither paper reports on the mechanism or specific surface

chemistry of how the surface modifications improve the cell performance, particularly on

how the modification leads to increased critical current density for short-circuit. Ge-Li

alloying (previously seen with Li10GeP2S12 and Li metal) [80] has also been exploited by

Luo et al. [175], using an evaporated Ge layer (20 nm) between Li metal and Ca- and Nb-

co-doped LLZO, heating to 200
◦
C for 10 minutes to accelerate the Ge-Li reaction. This

strategy is designed to provide continuous intimate contact between the Li metal and

LLZO pellet surface.
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An approach proposed by Goodenough and co-workers [177] introduced a

cross-linked polymer in between garnet and Li metal, which effectively improved their

contact and delivered stable electrochemical cycling performance. Despite the advantages

of this technique on the interface transport properties, the use of such thick interlayers

may limit the volumetric energy density of batteries.

Zhu et al. [178] used first-principles calculations to investigate the intrinsic

electrochemical stability of LLZO, finding it to bewithin the narrow range of 0.05 to 2.91V

(vs. Li
+
/Li). The phase equilibria at the reduction potential (0.05V) consist of Zr3O,La2O3

and Li2O, and Li2O2, La2O3 and Li6Zr2O7 at the oxidation potential (2.91V). The much

larger electrochemical stability reported elsewhere in cyclic voltammetry experiments

[172, 179] is put down to an interfacial passivation mechanism, kinetically inhibiting the

reaction with Li metal.

Difficulty in producing a clean, representative interface with Li metal makes the

ability to perform microscopy characterisation difficult (largely due to the unstable and

reactive Li metal). Ma et al. [180] studied in-situ formation of the interface using

scanning transmission electron microscopy, using Li metal coating a tungsten tip to make

contact with LLZO, and studied the interface formation as a function of time. They

used spatially-resolved EELS performed immediately upon contact between Li and cubic

Al-LLZO and studied the O K-edge in the EELS linescan to provide information on the

localised atomic bonding configuration in LLZO. They found a reconfiguration of the O

structure up to 6 nm away from Li metal contact (i.e. less than 5 unit cells). They also

saw an increase in Li content from 6.25 to 6.95 a.p.f.u. They propose that Li
+
from Li

metal must enter LLZO to maintain charge balance following reduction of LLZO by Li

metal, and that formation of tetragonal LLZO is likely. Tetragonal-LLZO stopped growing

instantaneously after formation, serving as a passivation layer preventing the cubic LLZO

from being reduced completely by Li; i.e. it forms a self-limiting SEI layer with very small

resistance as it is so thin. Note that this is a microscopic study and doesn’t account for

resistance increases due to mechanical contact issues (or contamination of surface) on a

larger scale. Note also that no applied currents were used in this study; however, studying

systems away from equilibrium, for example in-situ studies during cycling, are important

for furthering our understanding of these systems.

The short-circuiting behaviour of LLZO with a lithium electrode is reported to

arise from the formation of lithium dendrites in the cell. The mechanism of dendrite

formation is disputed; however, several theories exist which concern bothmechanical and

electrochemical properties. It is generally agreed that the Monroe-Newman model [181,

182] describing conventional ‘dendrites’ in polymer systems in terms of shear modulus is

not valid in ceramic electrolytes. Additionally, as the transference number for Li
+
is near

unity in LLZO, diffusion is not expected to limit the current density as it does in liquid

electrolytes. The influence of grain boundaries and their lithium ion diffusion kinetics is

frequently put forward as the crux of the mechanism; however, difficulties in measuring

the impedance and chemical composition of grain boundaries has made for a challenging

problem to understand and solve.
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Long et al. [123] argue that short-circuiting and dendrites are caused by

current-focussing along low-conductivity aluminium-rich grain boundaries, which is

used to explain the observations by Cheng [147], and suggested that Al-doped garnets

will have lithium aluminates that are unstable against contact with lithium metal. They

also show that even in hot-pressed Al-free garnets of 99% ceramic density, dendrites

form along grain boundaries as a consequence of current-focusing due to their poor local

ionic conductivities and difficulty in creating an optimal Li-metal/ceramic contact. They

found the Al-free LLZO grain boundaries were smaller and composed mainly of Li2O,

and could find inside traces of metallic lithium following short-circuit, using TEM and

EELS analysis, andNMRKnight Shiftmeasurements. When using a sputtered gold buffer

layer, current densities as high as 0.5mAcm
−2

were stable. The use of a gold buffer layer

promotes the formation of an gold-lithium alloy at room temperature, helping provide

a homogenous distribution of current at the surface during cycling. At higher current

densities, it was proposed that short-circuiting occurs as a result of inhomogeneous

deposition and dissolution of Li due to different conductivities of the grain and grain

boundary (inferred from low temperature impedance measurements).

Virkar [183] proposes a model for degradation of lithium-conducting membranes

under charging conditions, where the chemical potential of lithium µLi in the electrolyte

may exceed that corresponding to pure lithium, µ0

Li
. This is expected to lead to

precipitation of lithium and/or reaction with the electrolyte, and corresponding capacity

fade. Raj and Wolfenstine [184] propose that a local electro-chemo-mechanical potential

of Li develops from high local ionic resistivity of grain boundaries or from physical

irregularities in the shape of the Li metal interface. This potential is reduced by the

back-stress generated from the formation of the precipitate which opposes the nucleation

of the dendrite, and is increased by the local electrical resistance of grain boundaries or

by the concentration of current at a protrusion in the lithium metal surface. The growth

of such a feature is estimated to occur if the interfacial charge transfer resistance is greater

than 14W cm
2
. The authors of the paper have proposed several current limit diagrams,

showing the interplay between current density, ionic conductivity of the electrolyte and

fracture stress of the ceramic on determining dendrite formation. These models agree

with experiments in terms of the critical current density for dendrite nucleation.

PhD thesis work by Manalastas [185] suggested that local pressurisation caused by

mechanical stress of lithium point-contacts produces fracture lines in the ceramic which

lead to the mechanical propagation of metallic lithium, following the model proposed

by Raj. This mechanism was expected to be dominant at low temperatures where local

current densities are inhomogeneous as a result of poor Li metal-LLZO contact, and as

a result of prolonged lithium plating/stripping. This was experimentally demonstrated

following a 5V polarisation, and it is unclear whether this leads to local heating of the

metal, accelerating the process.

Porz et al. [186] observed the propagation of Li dendrites from electroplated lithium

metal on single- and poly-crystalline Ta-doped LLZO, coupling galvanostatic cyclingwith

in-situ microscopy. They suggest an initial growth mechanism based on the propagation
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of surface flaws, showing that the current density for initial crack propagation is not

correlated to surface roughness; rather that lithium metal plating occurs in the presence

of any type of surface flaw or defect, using capillary action to help fill them. Once the

flaw is completely filled, mechanical stresses within the lithium metal and electrolyte are

expected to rise as the plating continues. Above a critical current density, the Li plating

overpotentials, and corresponding mechanical stresses, reach values sufficiently large to

extend surface defects, which subsequently can also form more complex networks.

Finally, in another take on the origin of metallic lithium formation in LLZO, Aguesse

et al. [187] observed isolated lithium metal agglomerates, in addition to propogated

dendrite networks, inGa-LLZOafter cell cyclingwith Limetal electrodes, butwere unable

to say whether these resulted from interconnected pores in the ceramic (not visible from

scanning electron microscopy analysis). They speculate that these might form by the

reduction of Li
+
ions in the LLZO by recombination with an electron from the oxygen

network, or from residual electronic conductivity, creating electron transfer from the

electrode to the Li ion.

3.5 Summary

The development of solid state electrolytes for lithium batteries is an important part of

enabling a low-carbon energy future. This chapter has reviewed a range of literature

on the most promising ceramic lithium conductor, the garnet-type oxide. It has covered

development in the understanding of the structure of lithium-stuffed garnets, and its

relationship to lithium transport in the material. Strategies involving doping with

supervalent cations to enhance the ionic conductivity have been discussed, in addition

to the degradation reactions with H2O and CO2, and the role of proton-lithium exchange

on stability and ionic transport. Finally, the properties relating to the lithium metal

electrode/electrolyte interface have been discussed, in terms of the interfacial resistance

and implications on cell performance, in addition to the behaviour under cell cycling and

the propagation of lithium dendrites.

Based on this review of the key properties of lithium-rich garnets, there are a number

of open questions to be addressed in this thesis:

1. Is it possible to correlate the concentration and site occupancy of supervalent

dopants on the lithium sublattice with the transport properties (i.e. ionic

conductivity) of LLZO? How does the conductivity depend on the number of

lithium vacancies generated by doping, the dopant content and position, and the

number of lithium ions in the lattice?

2. What is the effect of doping and synthesis conditions on the microstructure, and

subsequently, the effect on the ionic transport?

3. Can we macroscopically measure the diffusion of lithium, to complement existing

microscopic studies, long-range pulsed field gradient (PFG)NMR-probed diffusion,

and computational predictions?
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4. To what extent does the proton-lithium exchange reaction and associated

degradation products effect the macroscopic transport properties of LLZO? What

is the effect of deep proton exchange on pellets of LLZO, both chemical and

electrochemical, and how does the diffusion of H
+
proceed during this process?

5. What is the effect of different dopants on the cell performance of LLZOwith lithium

electrodes? Can we use chemical analysis to understand the critical currents for

dendrite formation in LLZO and correlate to compositional properties?
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Chapter 4

Experimental Methods

This chapter contains an overview of the principle experimental techniques used in this

work. Firstly a description of the methodology for synthesis and processing of ceramic

garnet-structured lithium-conducting electrolytes is given, followed by details of the

diffraction techniques used for identifying crystallography, namely X-ray and neutron

powder diffraction. Next, the electrochemical characterisation techniques (impedance

spectroscopy, cyclic voltammetry and charge/discharge cycling) used are discussed,

before an outline is given of additional characterisation techniques drawn on in this

thesis- includingX-rayphotoelectron spectroscopy (XPS), electronmicroscopy, lowenergy

ion scattering (LEIS) and nuclear magnetic resonance (NMR). As secondary ion mass

spectrometry (SIMS) is relied heavily upon in the analysis of these materials, especially

in the interpretation of ion exchange experiments, a detailed discussion of its theory and

application is included.

4.1 Synthesis and Processing

Ceramic synthesis is usually classified under two primary experimental routes: solution

and solid state methods. In this thesis, the sol-gel form of the solution route was

exclusively used in the synthesis of garnet electrolyte materials. The garnet compositions

explored in this work are based on the formula Li7−nxMxLa3Zr2O12 (M-LLZO), where

M is a cation of charge n. In particular, compositions where M = Ga
3+

and Al
3+

are

the primary focus, as they are widely reported in the literature due to Ga-doped LLZO

being a highly conductive material, and as Al is a common impurity introduced into the

structure through the use of alumina crucibles. Undoped LLZO, which formally adopts

the tetragonal, less-conducting structure, is also explored, in addition to Ge-doped LLZO

(Chapter 5) as a new garnet composition (see Chapter 3 for more discussion of the role of

dopants).

4.1.1 Sol-Gel Method

The samples in thisworkwerepreparedusing amodifiedPechini-type [188] citrate/nitrate

route based on the process reported by Aguadero et al [137]. The traditional sol-gel
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method is a solution-based method for ceramic synthesis which utilises the ability of

alpha-hydroxycarboxylic acids (such as citric acid) to form chelates with selected metal

ions, which then undergo polyesterification when heated with a hydroxyalcohol. This

has the advantage over conventional solid state methods of homogenously combining the

components of the desired ceramic composition on a molecular level, ensuring mixing at

the correct stoichiometrywithout the need for extensivemechanicalmixing of the powder

precursors. It can allow very small quantities ofmaterials to be introduced homogenously

into a solid state matrix and also allows greater control of particle size when combined

with subsequent heating steps [189].

In this modified route, the sol-gel or resin formed upon heating (dehydration) consists

of the dissolved stoichiometricmixture of cation compounds in ethanol (sometimes added

to aid the dissolution of the pentanedionate compound), citric acid (added in excess as a

complexing agent to ensure molecular scale mixing is maintained on evaporation), and

nitric acid. It can be decomposed at moderate temperature (here 600
◦
C) in a muffle

furnace to remove the organic material and leaving the mixed metal oxide.

In this work, a beaker or porcelain bowl was filled with stoichiometric amounts of

lithium nitrate LiNO3 (99%) lanthanum (III) nitrate hexahydrate La(NO3)36H2O (99.9%),

zirconium (IV) 2,4- pentanedionate ZrC20H28O8 and dopant atoms in the form of gallium

(III) oxide Ga2O3 (99.99%), aluminium (III) nitrate nonahydrate Al(NO3)39H2O (98%) or

germanium (IV) oxide GeO2 (99.98%) (all from Alfa Aesar). An additional amount of

lithium nitrate was added to allow for lithium losses at elevated temperatures (nominally

10wt% excess). Citric acid (10wt%, equivalent to 0.542molar, approx. 200ml) and a small

amount of nitric acid to aid dissolution (68wt%, approx. 5 to 10ml, VWRChemicals) were

added and the solution left to stir with a magnetic stirrer on a hotplate until a gel formed.

The gel was combusted in a furnace for 12 hours at 600
◦
C (heating rate: 2

◦
Cmin

−1
,

cooling rate: 10
◦
Cmin

−1
) in order to remove all water and organic compounds. The

temperature was then held at 100
◦
C to prevent condensation of water and transferred to

an argon-filled glove box via a vacuum antechamber.

4.1.2 Thermal Treatment

The resulting dry powder from the thermal decomposition step was hand-milled in an

agate pestle and mortar to a fine powder inside the glove box (<0.3 ppm H2O), followed

by calcination at 800
◦
C for 12 hours in dry flowing oxygen (99.9999%; 0.5 ppmH2O) or in

an argon-supplied furnace coupled to the glove box (5mbar pressure). This temperature

was chosen as it is above the typically reported phase-transition temperature between

the tetragonal and cubic garnet phases for the vacancy-free LLZO material [117–119].

This step is thus designed to allow facile cation diffusion and favour the formation of the

thermodynamically stable oxideproduct. Theuse of anoxygen atmospherewith adefined

oxygen partial pressure is designed to control the site preferences and oxidation states of

the ions, and is preferred over other atmospheres for defining the material obtained at

this step.

In the garnet Li7La3Zr2O12 (LLZO) material, the formation of a cubic LLZO phase
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depends on the thermal treatment temperature [190, 191], time and atmosphere [118,

137], heating and cooling rate [191], dopant [35, 120, 155] and lithium stoichiometry

[98, 153]. As in any system containing multiple chemical components, there exists a

phase equilibrium which balances decomposition and reorganisation of phases, and

can be described as a function of temperature. Sufficient time for the completion of

the garnet-phase formation reaction and equilibration of Li across tetrahedral (Td) and

octahedral (Oh) sites is also necessary during thermal treatment. The lithium distribution

across these sites changes as the temperature increases above the phase transition

temperature, starting from the ordered lithiumdistribution found in the tetragonal garnet

and into a random distribution in between Oh and Td positions in the cubic phase with

increasing temperature [191].

In this work a third step was carried out to produce a dense ceramic pellet. The

calcined powder was milled and pressed into pellets (typically 10 or 13mm diameter

green body) in the glove box using a uniaxial press under an applied weight of 2 to 3

tonnes, depending on diameter. The pellet was finally sintered at one of a number of

high temperatures (1100
◦
C to 1200

◦
C) for 6 hours, ensuring a bed of the same powder

(mother powder) encased the pellet in the crucible. Three types of atmospheres were

used for the sinter steps: tubular furnace with dry oxygen flow (99.9999%; 0.5 ppmH2O);

vacuum furnace coupled to glove box (10
−4

mbar); and argon-supplied furnace coupled to

glove box (5mbar). The result is a dense pellet which is ground and polished depending

on the desired finish for experiments (Section 4.1.3). Al2O3 crucibles were used as the

typical vessel for powder and pellet thermal treatments, using a loose fitting lid for argon

or vacuum-atmosphere glove box housed ovens (owing to the pump-down process used

before the heating program and tominimise powder escaping into the furnace). In special

cases, ZrO2 crucibles were used to avoid aluminium contamination.

Heating to above 1100
◦
C with a holding step is used to sinter the pellets. This

temperature step allows the growth of grains and pellet densification. It is also the

cause of the sometimes unintentional introduction of Al
3+

into the garnet lattice from

the alumina crucible (as in the case of Murugan et al. [106] when they first reported

superionic conductivity in LLZO), through the action of a liquid eutectic at 1055
◦
C

from the Li2O-Al2O3 system [192, 193] (Figure 4.1). The liquid melt is thought to aid

the sintering process (known as liquid phase sintering) [194], as well as leading to

diffusion of Al into the grains [195, 196]. The formation of this melt leads to loss of

precision in controlling the Al doping content, and also the occurrence of directional

mass transport and grain growth. Samples sintered at these high temperatures contain

a graded distribution of Al throughout their volume. We have seen this directional

distribution of cations using LEIS and SIMS analysis, with both Ga-doped and Al-doped

pellets (Li7-3xMxLa3Zr2O12, with M = Ga, Al and x = 0.10 to 0.15), where there is clear

diffusion of Al (leading to enrichment) from the crucible into the nearest pellet face and

across the pellet edges after high temperature treatment (Chapter 5, Section 5.1.2).

Special carewas taken to avoid the exposure of the powders and pellets tomoisture, by

handling and processing all steps in the glove box. It is important to control the moisture
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Figure 4.1: Li2O-Al2O3 phase equilibrium diagram (where T is the temperature, Mol% is

the molar fraction of Al2O3 in %) determined by Cook and Plante [192], showing a liquid

eutectic at 1055
◦
C at 23% Al2O3.

levels during synthesis to avoid reaction of LLZO with water leading to proton-lithium

exchange processes and associated changes in transport properties (see Chapter 3, Section

3.3 and Chapter 6 for further discussion).

4.1.3 Pellet Finishing

Themother powder used to cover the pellet during sintering creates partly-fused powders

on the surface of the sinteredpellets, which is removable by abrading the pellets. Polishing

was carried out within the argon glove box using 800, 1200, 2400 and 4000-grit SiC

polishing papers (Struers), and also with diamond powders up to 0.1µm in diameter, if a

finer finish was needed for certain analyses. The details of polishing will be described on

a case-by-case basis in each of the results chapters.

Where the microstructure needed to be revealed, careful fine polishing to 0.1µmwith

diamond paste was sufficient to view in an optical microscope. Thermal etching was a

faster method which was also used to reveal the microstructure to a greater extent. This

involved heating the pellet on a platinum foil in argon to 900
◦
C for 30 minutes. The

thermal etching process undoes mechanical damage caused by polishing by allowing the

grains to recrystallize, thus revealing the grains and grain boundaries at the surface of

the pellet, and leaving a relief effect [197].
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4.1.4 Density Measurement

The density of the pellets was measured either geometrically, using the mass and

calculated volume from geometrical measurements with callipers, or by the Archimedes

method [198] with dry ethanol (water was not used to avoid reactions of the LLZO pellet

caused by proton-lithium exchange processes).

The theoretical density (ρtheory) of the material is given by Equation 4.1, where n is the

number of formula units per unit cell (8 in the case of LLZO), Mw is the molecular mass,

V is the unit cell volume (calculated from diffraction measurements of lattice parameters)

and NA is Avogadro’s number.

ρtheory �
nMw

NAV
(4.1)

The Archimedes method is based on the expression for the specific gravity of a solid,

ρ, (Equation 4.2), where W(a) is the weight of the sample in air, W(fl) the weight in liquid

and ρ(fl) is the density of the liquid.

ρ �
W(a)ρ(fl)

W(a) −W(fl) (4.2)

The buoyancy is given by W(a)−W(fl) and, to allow for buoyancy in air, the following

corrections are made, where ρ(a) is the density of air (0.0012 g cm
−3
) under standard

conditions and ρ(fl) is 0.789 34 g cm−3
for ethanol at 20

◦
C [199], giving Equation 4.3:

ρ �
W(a){ρ(fl) − ρ(a)}
ρ(fl)|W(a) −W(fl)| + ρ(a) (4.3)

The Archimedes method was carried out by measuring the weight of the sample

in air followed by measuring the weight in dry ethanol. Prior to weighing, the pellet

was immersed in boiling ethanol until no more bubbles were seen to leave the sample,

thus removing any air bubbles inside the pellet which might contribute to an increased

buoyancy. The temperature of the ethanol during the measurement was recorded to

ensure an accurate value of density of the fluid.

4.2 Diffraction Techniques

The crystal structure andphase purity of the powders andpellets obtainedweremeasured

by X-ray diffraction. Crystal structure subtleties regarding space group identification and

lithium distribution and quantification, as well as dopant localisation, were made using

neutron powder diffraction. Le Bail and Rietveld pattern refinement of the diffraction

data using the FullProf program [200] were employed for phase determination and for

refining the space groups, atomic positions, occupancy, lattice parameters and isotropic

thermal displacement of the atoms.
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4.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a fast, non-destructive, analytical technique used for phase

identification of crystalline materials and can be used to measure the average spacing

between layers or rows of atoms - hence providing information on theunit cell dimensions.

Diffraction is defined as the interference between waves resulting from an object in their

path. This can be applied to X-rays using the phenomenon that they are scattered by

electrons in atoms (Thomson scattering, the elastic scattering of electromagnetic radiation

by a free charged particle) [201], resulting in diffraction for a periodic array of scattering

centres separated by distances similar in wavelength to the radiation (≈ 100 pm), e.g.

lattice planes in a crystal.

The X-rays are generated by bombarding a metal with high energy electrons. The

electrons decelerate as they plunge into the metal, generating radiation with a continuous

range of wavelengths (Bremsstrahlung). A few high intensity peaks are superimposed on

this continuum, which are created by the collision of incoming electrons with the atoms’

inner shells (Figure 4.2a). An electron is expelled from an inner shell as a result, causing

an electron of higher energy to drop into the vacancy created and emitting the excess

energy as an X-ray photon (Figure 4.2b) [84]. Kα radiation is thus created by an electron

transition to the innermost K shell (1s orbital, principal quantum number 1) from a 2p

orbital of the second outermost L shell, and occurs as a doublet owing to spin-orbital

interactions.

The diffraction of these X-rays by a crystal follows the condition that reflection from

successive parallel planes be coherent if the path difference between parallel reflected

beams is an integral number (n) of wavelengths (λ). Bragg’s Rule (Equation 4.4) [202]

gives the condition for a diffracted beam, where d is the interplanar spacing and θ is the

angle of incidence with respect to the scattering planes.

2d sin θ � nλ (4.4)

From the reflections observed when a monochromatic beam of X-rays falls on a

crystalline solid, it is possible to determine the size and symmetry of the unit cell as

only those rays which satisfy the Bragg condition constructively interfere (Figure 4.2c)

and produce a characteristic diffraction pattern for the material.

The angle at which reflection can occur for a family of parallel lattice planes, described

by Miller indices (h,k,l), is determined only by the lattice symmetry and unit cell

parameters through the Bragg relationship, where the interplanar spacing dhkl is related

algebraically to the unit cell parameters, as seen in Equations 4.5 and 4.6 for the special

case of a cubic unit cell in which the cell parameters obey a � b � c [203].

1

d2

hkl

�
h2 + k2 + l2

a2

(4.5)

a2

�
λ2

4 sin
2 θ

{
h2

+ k2

+ l2

}
(4.6)
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(a) (b)

(c)

Figure 4.2: (a) The continuous range of X-ray wavelengths (λ) produced as high energy

electrons bombard a metal, overlaid with sharp, intense peaks (intensity I) from collision

with inner shells of atoms (termed Kα and Kβ radiation); (b) the production of X-ray

photons from ionisation of external electrons and ejection of inner shell electrons, where

E is the energy of the electrons in the atom, and K and L are the electron shell labels; (c)

diffraction of X-rays by atoms in a crystal lattice with interplanar spacing d, showing the

schematics of Bragg’s Law (Equation 4.4), where d sin θ � x, and 2x is the path

difference, equal to an integer number of wavelengths for constructive interference. θ is

the angle of incidence for the incoming X-ray beam.
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The Bragg rule gives the geometrical condition for a reflection to occur. The observed

intensity of the reflection is a function of several factors, which depend on amixture of the

experimental setup and the composition and physical properties of the crystalline solid

sample. The relative intensity for a powder diffractogram is given by Equation 4.7 [204],

where Ihkl is the intensity of the {hkl} reflections and Lphkl is the Lorentz polarisation

factor, which allows for the partial polarisation of the reflected beam and the geometry

of the measurement (tabulated values). The multiplicity factor, Jhkl , describes the relative

proportion of planes contributing to the same reflection. Whkl is the temperature (atomic

displacement) factor which describes how the thermal vibrations of atoms at normal

temperatures cause them to occupy a larger volume than when at rest, and will reduce

the scattering. The effect is more noticeable at high angles. The exp(−2W) term models

atomic displacement, giving an indication of atomic disorder on a site. The absorption

factor, Ahkl , is a function of the Bragg angle and can be elastic (∆λ � 0) or inelastic (∆λ , 0,

i.e. fluorescence).

Ihkl ∝ Lphkl JhklF2

hkl exp(−2Whkl)Ahkl (4.7)

The structure factor, Fhkl , describes the amount of scattering from hkl planes in the

direction θ defined by Bragg’s law (Equation 4.8) [203], where the unit cell in the crystal

contains N atoms of which the jth
atom has an atomic scattering factor f j(hkl) and the

fractional unit cell coordinates x j , y j , z j . The atomic scattering factormeasures the amount

of scattering in direction θ from a single atom of the type located at x j , y j , z j .

Fhkl �

N∑
j�1

f j(hkl) exp 2πi(hx j + k y j + lz j) (4.8)

In practice, powder diffraction patterns are produced by measuring the number

of counts along a 2θ scan by varying the position of the X-ray source relative to the

detector. Bragg-Brentano geometry is used, i.e. the geometry of the goniometer is

such that reflections from the sample result in the diffracted beam being refocused

at the detector when the sample is rotated at half the speed of the detector (θ/2θ).
The generation of X-rays from a copper target results in characteristic X-rays of Cu-Kα1

(λ � 1.5405Å), Cu-Kα2 (λ � 1.5444Å) and Cu-Kβ, hence the instrument is fitted with

a monochromator which removes the Cu-Kβ component. The preferred orientation of

crystallites in the specimen will affect the relative intensities observed, making sample

preparation important in ensuring random orientation of crystallites (milling the powder

finely prior to diffraction measurement).

X-ray diffraction is used on both powders and pellet samples in this work to

characterise the materials in terms of crystallographic phase formation and to determine

the lattice parameters of each phase. Where precise control of the atmosphere is required

(i.e. in the proton exchange work, Chapter 6), a sample holder using Kapton (polyimide)

tape is used to protect samples from the air by mounting the powder or pellet sample

in the glove box. Patterns were typically obtained between 10 and 90 °2θ, using a step

size of 0.034 °2θ on a Bruker D2 Phaser instrument for fast acquisition for a quick phase
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purity check, and on a Panalytical Empyrean instrument for higher quality data used for

refinements, with the angle range 10 to 80 °2θ, a step size of 0.001 °2θ, and time per step

of 40 s step
−1
. Both use Cu-Kα radiation. Le-Bail [205] and Rietveld [206–208] refinements

using the FullProf program [200] were made to determine lattice parameters and atomic

site occupancies, respectively.

4.2.2 Neutron Diffraction

Because X-rays are scattered according to electron density, there is an atomic number

(Z)-dependence on the observed X-ray diffraction pattern, meaning that heavy elements

will contribute disproportionately to the XRD pattern. As such, light atoms such as O,

Li, and H (important in the study of the materials of interest in this work) are difficult to

locate in the presence of heavier atoms as their X-ray scattering ability is negligible. Unlike

X-rays, neutrons (of appropriatewavelength, in this case, 1.5940Å) are scattered by nuclei;

the nuclear scattering length is no longer a function of Z and has a much narrower range

than the atomic scattering factor in XRD (see Figure 4.3 for a plot of neutron scattering

cross-sections as a function of atomicweight). Light elements can thus contribute a lot to a

neutron diffraction pattern so that their atomic coordinates can be accurately determined.

Additionally, atoms of similar atomic number which are difficult to distinguish using

XRD may have very different scattering lengths in neutron diffraction. Hence neutron

diffraction can contain some important information on lithium, as its scattering ability

is large and negative (its bound coherent scattering length is −1.9 fm) [209] (Figure 4.3),

allowing ease of localisation and quantification compared to XRD. Because the scattering

is caused by nuclei instead of electrons, there is no need to use an atomic form factor to

describe the shape of the electron cloud of the atom, and hence the scattering power of

the atom does not fall awaywith the scattering angle. So there can be strong, well-defined

diffraction peaks even at high angles. However to enable good counting statistics, large

sample volumes are required, and the experiments require reactor or spallation sources

for the neutrons.

In this work, neutron powder diffraction was carried out at the research reactor at

Institut Laue-Langevin (ILL), France, which uses a steady neutron flux (1.5 x 10
15
neutrons

s
−1

cm
−2
) [211] as a result of nuclear fission with a uranium source. Powder samples of

Ge-LLZO were sent under an argon atmosphere and measured to localise the Ge and Li

atoms in the lattice, using the D2B high-resolution two-axis diffractometer with a high

take-off angle (135°) Ge monochromator and constant wavelength (λ �1.594Å). The

sample (a cylinder of the powder) was diffracted by a high resolution monochromatic

incident beam, and the Bragg reflections were measured by a bank of 128
3
He detectors,

which are moved such that the counts are averaged over several detectors. For the

measurements, the angular range used is 0.05 to 159.95 (°2θ) and the step scan increment

= 0.05 (°2θ).The neutron scattering lengths for Li, Al, Ge and Zr are -1.90, 3.45, 8.19 and

7.16, respectively [209].
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Figure 4.3: Plot of neutron scattering amplitudes as a function of atomic weight (adapted

from Bacon) [210].

4.2.3 Structural Refinement

Refinement is utilised to obtain structural information from powder XRD and neutron

diffraction patterns. Structural solution methods (such as Rietveld [206]) rely on the

generation of approximate phases from the reflections obtained to develop a structural

model, as direct calculation of electron density is not possible. The observed amplitudes

of reflections are compared to the calculated amplitudes given by model-based structure

factors and refined further.

It is common to begin with the le Bail [205] method of refinement, which enables

pattern fitting by first determining the unit cell parameter and the space group. This

is followed by fitting refineable parameters using a least squares method to minimise

the difference between the calculated and observed profiles. In the le Bail method, peak

intensities cannot be fitted using the least squares method - instead, an arbitrary starting

peak intensity is used, which after each least squares fit is recalculated as the new set peak

intensity. Having performed le Bail, Rietveld refinement can then be performed. Rietveld

introduces additional structure factors which enable the peak intensities to be fitted from

the structural model.

In thiswork, patternswere fittedusing Fullprof software [200]with le Bail andRietveld

refinements. A pseudo-Voigt [212, 213] peak shape function was used to fit the data. The

quality of refinement was assessed visually and through the goodness of fit parameter,

χ, which is defined by Equation 4.9 [207] and provides an indication of the agreement

between the model and the experimental data,

χ �

√
Rwp

Rexp

(4.9)

where Rwp is the weighted profile and Rexp is the expected residual profile. As the fit

improves, χ2
tends to 1.
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4.3 Surface Characterisation

Two of the surface-sensitive techniques used in this thesis are described here, X-ray

photoelectron spectroscopy (XPS) and low energy ion scattering (LEIS), which have

surface sensitivities ranging from the top atomic layer (LEIS) to several nanometres (XPS).

Another surface analysis technique, secondary ion mass spectrometry (SIMS), will have

its own section dedicated to it (Section 4.8), at the end of this chapter, as it is used more

extensively in this thesis and merits a more detailed discussion.

4.3.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a quantitative spectroscopic technique which

measures the elemental composition of a surface (typically 0.5 to 10 nm sampling

depth) [214] and the electronic state of its elements. In XPS, an X-ray source generates

monochromatic radiation which irradiates the sample, causing it to emit photoelectrons.

Both core and valence electrons can be ionized by X-ray radiation; it is the core electrons

whose binding energy (EB) is characteristic of their element, thus allowing the elemental

surface composition of the sample to be determined. XPS requires a high vacuum

environment (< 10
−9

mbar), so as to avoid interference of the photoelectrons in gas-phase

collisions. EB is found by measuring the kinetic energy, EK, of the sample’s emitted

photoelectrons, according to Equation 4.10,

EK � hν −Φ − EB (4.10)

whereΦ is theworkfunction of the sample, theminimumwork needed to extract electrons

from the Fermi level (see, for example, Figure 4.4) across a surface carrying no net charge,

and hν is the incident photon energy.

Koopmans’ theorem [215] states that the binding energy of an electron is the difference

between the initial (Einitial) and final (Efinal) states of the atom during photoemission. If

there is no relaxation (electronic rearrangement) following photoemission, then EB can

be said to be equal to minus one times the orbital energy. From EB, the elements in the

surface layers are identified and information about the oxidation state and bonding of the

atoms can be extracted by observing small changes in EB (caused by a change in chemical

environment).

XPS is a surface sensitive technique, in that only those electrons close to the surface

of the sample are able to escape elastically and contribute to the peak intensity. Those

emitted deep in the bulk of the sample are inelastically scattered, so cannot overcome the

work function and contribute to the spectral background. The sampling depth is defined

as the depth from which 95% of all photoelectrons are scattered by the time they reach

the surface (3λ, where λ � the inelastic mean free path of an electron in a solid). Most λ

are in the range 1 to 3.5 nm for Al Kα radiation, hence the sampling depth is 3 to 10 nm

[216].

XPS can also be used for the quantitative elemental analysis of a sample. Assuming

a uniform elemental composition within the XPS sampling depth, the XPS peak area Ii
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Figure 4.4: Energy level diagram of an atom showing the relationship between the

photon energy (hν), the work function (Φ), the electron’s binding energy (EB) and the

kinetic energy of the photoelectron (EK).

associated with an element i is proportional to its concentration Ni . However, the peak

area also reflects the photoionisation cross-section σi , the electron mean free path λi and

instrument detection efficiency factors (combined into one constant factor K) associated

with the XPS peak involved (Equation 4.11) [216]. In modern analysis software packages

all three factors are accounted for, and use a library of tabulated sensitivity factors that

have been determined from a combination of theoretical calculations of cross-sections and

reference measurements. The sensitivity factors cover both cross-section and instrument

factors.

Ii � NiσiλiK (4.11)

In this work the technique is used to understand surface chemistry of LLZO pellets

(with a probing depth estimated to be 3 to 10 nm, considering the inelastic mean free path

of electrons in inorganic materials) [168, 216] to investigate the oxidation state of Ge in

Ge-doped LLZO (Chapter 5, Section 5.2.5) and after different atmosphere treatments to

follow the moisture reactivity (Chapter 6, Section 6.4.2), as well as surface chemistry

changes in LLZO following cell cycling. Samples were polished and cleaned with

isopropyl alcohol and acetone in the argon-filled glove box prior to transfer in a vacuum

suitcase to the instrument, and mounted with conductive carbon tape. Measurements

were taken using a 200µm by 200µm beam, using a flood gun for charge compensation.

The spectra were recorded on a Thermo Scientific K-Alpha+ spectrometer with a chamber

pressure of 2x10
−9

mbar andanAlKα X-ray source (incidentphoton energy hν � 1486.6 eV)

with a double focussing 180° hemispherical analyser and 2Ddetector. Datawere collected

90



CHAPTER 4. EXPERIMENTAL METHODS

at pass energies of 200 eV for survey, and 20 eV for core level spectra. The binding energy

of the obtained XPS spectra was calibrated with respect to the C 1s peak of adventitious

carbon at 284.8 eV. XPS spectra were quantitatively analysed using the Avantage software

package by deconvoluting Voigt-type line-shapes, preceded by subtracting a Shirley-type

background [217] (for Zr 3d spectra) and linear background (for Al 2p and Li 1s spectra).

The software uses the Tanuma-Powell-Penn [218] approach to account for the inelastic

mean free path. Measurements and analyses were made by Dr Anna Regoutz at Imperial

College London.

4.3.2 Low Energy Ion Scattering

Low energy ion scattering is a surface analysis technique which gives the atomic

composition of the outer atoms of the surface of a specimen, as well as enabling high

resolution depth-profiling of a material [219]. The strength of LEIS analysis lies with

the fact that it is truly surface sensitive, in that it can be used to analyse the uppermost

monolayer of amaterial [220, 221]. In addition, LEIS is able to provide isotopic information

and is generally considered to be free from matrix effects as the elemental yields are

independent of the chemical environment of the surface atom, and it is also less sensitive

to surface roughness than its sister technique, SIMS [222] (Section 4.8). In LEIS, noble gas

ions of a known mass and energy are fired at the surface of the specimen; the energy of

these incident ions are 0.5 to 10 keV in the low energy regime. These ions are backscattered

by the surface atoms and produce an energy spectrum, with peaks resulting from binary

collisions of an ionwith an outer atomof the sample. The energy of the peak is determined

by the conservation of energy and momentum, as described by Equation 4.12 [219]:

Ef � Ei

{
cos θ +

√
(r2 − sin2θ)

1 + r

}
2

(4.12)

for r � mat/mion ≥ 1 and θ ≥ 90°.
mion is the mass of the ion with incident energy Ei which is backscattered over an angle

θ by a surface atom of mass mat, and the backscattered energy of the ion is Ef. Figure

4.5 shows a schematic of the process, which shows the incident ion beam directed at the

surface at an angle α with respect to the surface normal. Projectiles are scattered from

surface atoms almost exclusively by binary collisions, with an energy Ef � kE0. Ions that

have penetrated the target further up to a depth ∆x will leave the surface with an energy

E1 � kE0. [220]

The energy distribution of the backscattered ions is therefore a mass spectrum of the

atoms in the outer surface of the specimen, and the backscattering can only occur for

atoms of a higher mass than the mass of the noble gas ion. It is thus theoretically possible

to detect lithium, using
3
He

+
and

4
He

+
; however, under the conditions used here there is

a lack of sensitivity towards lithium detection owing to an undesirable background at low

scattering energies caused by sputtering ejection of light atoms or adsorbed species on the

surface. As such, lithium was not followed under the measurement time constraints in

this thesis. However, Téllez et al. [222] have recently reported the ability to detect lithium
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Figure 4.5: Schematic of experimental conditions in LEIS, adapted from Brongersma

[220]. See text for an explanation of the symbols.

in Li3xLa2/3−x�1/3−2xTiO3 (an ABO3 perovskite, where � is an A-site vacancy) using an

ion beam pulsing approach, which requires long analysis times. LEIS probes the outer

atomic layer of a sample under the normal operatingmode, as the probability of projectile

ions neutralising during a scattering event is high and thus the likelihood of a projectile

scattering off deeper layers is dramatically reduced in comparison to the surface layer;

using a sputter beam such as Ar
+
can enable successive atomic layers to be analysed.

In this thesis LEIS is used to probe the surface chemistry of LLZO pellets after

different atmosphere treatments inChapter 6 (Section 4.3.2), using sputtering to follow the

formation of a corrosion layer following air and moisture exposure. Measurements were

made on a Qtac100 instrument (ION-TOF GmbH) with a 3 keV
4
He

+
primary analysis

ion beam with 5 nA current, and a secondary 0.5 keV Ar
+
sputter ion beam operating

with a current of 100 nA for depth-profiling. To maintain surface accuracy when using

the primary beam, the total dose of each analysis spectra was kept below the static limit

of 7x10
14

ions cm
−2

for the
4
He projectiles. The Ar

+
dose used was 3.4x10

15
ions cm

−2

to enable sputtering processes. Measurements and analysis were made by Dr Andrea

Cavallaro at Imperial College London.

4.4 Electron Microscopy

Electronmicroscopy is amethod ofmicroscopywhich uses a beamof accelerated electrons

as a source of illumination to create an image of a specimen [223]. The wave-particle

duality of the electron allows it to be used in place of visible light in an imaging setup.

High resolutions can be achieved as it uses a beam of high energy electrons to probe

the surface, for example an electron with energy ∼ 20 keV is equivalent to a wavelength

of ∼ 0.012 nm (which is significantly lower than that of visible light, 400 to 700 nm).

Thus, compared to an optical microscope, significantly smaller details of a sample may be

resolved as described by the Rayleigh criterion, which states that resolution is λ-limited

[224].
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Figure 4.6: Representation of some of the electron interactions occurring upon

interaction of a primary electron beam with a sample under analysis in an electron

microscopy setup. Image adapted from the SURF group, University of Brussels [226].

4.4.1 Scanning Electron Microscopy

Scanning electronmicroscopy (SEM) is an electron-sample interaction technique in which

data are collected over a selected area of the sample surface to generate a 2-dimensional

image of the sample. SEM carries some advantages over techniques such as transmission

electron microscopy in its ease of sample preparation and its ability to image larger

samples due to the use of a scanning electron beam [225].

A scanning electron microscope setup consists of an applied voltage between a

conductive sample and a filament, under a high vacuum (10
−4

to 10
−10

mbar). A beam

of emitted electrons interacts with the sample surface producing a variety of signals,

illustrated in Figure 4.6.

Secondary electrons are produced when weakly bound electrons from the sample’s

conduction band interact with the incident electrons, providing enough energy for their

ejection. They are emitted only very near the surface of the sample (typically 5 to 50 nm)

and have energies less than 50 eV [227]. As the angle of incidence increases, the incident

beam electrons travel greater distances in the region of the sample close to the surface. As

a result more secondary electrons are generated within the escape depth in these areas,

leading to a higher apparent electron emission. Edges and ridges of the sample thus

emit more secondary electrons and so appear brighter in the image, giving topographical

information on the sample.

Backscattered electrons are produced when electrons from the incident beam are

deflected in the sample. They are produced over a greater depth range, and are higher in

energy than secondary electrons. Backscattered images reveal compositional information,

as atoms with greater atomic numbers will produce a larger number of backscattered

electrons, thus giving a brighter area in the image [223].

The probe volume in the sample will depend on the density and Z-number of the

material and is proportional to the accelerating voltage of the electrons, as well as the spot

size used (as determined by the aperture and condenser lenses).
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4.4.2 (Scanning) Transmission Electron Microscopy

Transmission electron microscopy (TEM) uses a beam of highly accelerated electrons

(200 to 300 keV) which are transmitted through a specimen to form an image, hence the

specimenneeds to be thin enough (less than 50 nm) so as to allow electrons to pass through

it without losing a significant amount of energy. Fine details, such as single columns of

atoms, can be captured, and the interpretation of image contrast created by the interaction

of the electron beam as it transmits through the specimen is used to understand a number

of properties relating to the material. The TEM can be operated in two modes: TEM and

scanning-TEM (STEM) modes. The reader is directed to the textbooks on the subject by

Goodhew, Humpries and Beanland [228] andWilliams, Carter and Barry [229] for a more

in-depth discussion on the technique.

The main difference between TEM and STEM is that rather than a parallel beam of

electrons incident on the sample in TEMmode (Figure 4.7a), STEMuses a converged beam

focussed at a spot on the specimen surface. To create an image, the beam is raster scanned

(like SEM) and the signal from each point is recorded on an annular detector. Hence

no objective lens is needed for imaging the sample, and theoretically the magnification

achievable is unlimited. Multiple detector types are accessible in STEM, illustrated in

Figure 4.7b, and the method is often able to acquire signals in parallel [229, 230].

In conventional TEM mode, an objective aperture is used to select both bright field

(BF) and dark field (DF) imaging modes; in bright field imaging, the objective aperture

selects the direct beam only; in dark field imaging, the objective aperture selects the

diffracted beam only (see Figure 4.7a). Since BF imaging excludes the scattered electrons,

regions in the sample that enhance electron scattering will appear dark. In DF imaging

mode, because only elastically scattered parts of the beam are allowed to form the image,

strongly scattering regions will appear bright. In STEM mode, an annular detector, such

as an annular DF (ADF) or a high-angle annular DF (HAADF) detector (see Figure 4.7b),

is used to select highly scattered electrons.

Images that form by coherently scattered electrons (such as BF images) are difficult to

interpret, because scattered beams can interfere with direct beams (constructively) and

with themselves. Hence the need for structure solving with computer modelling. In this

sense, STEM images are easier to interpret than TEM images as only the heavier ions

scattering strongly and incoherently are detected when using an annular detector. For

example, in high-angle annular dark-field (HAADF) STEM, Z-contrast atomic resolution

imaging is possible, where the intensity is directly proportional to Z2
. In BF we can also

image light elements but because the contrast is purely coherent image interpretation is

more challenging. Annular bright field (ABF) imagingmode in STEM, on the other hand,

is a special imagingmode, where the contrast is formed both coherently and incoherently.

Thus it has the advantage of being able to image light elements alongside heavy elements

in a STEM configuration.

Additionally, the use of an aberration corrector enables electron probes to be focused to

sub-ångström diameters, allowing images with sub-ångström resolution to be acquired.

This recent development has made it possible to identify individual atomic columns with
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(a) TEM (b) STEM

Figure 4.7: Schematic of a TEM column in TEM mode (a) and in STEM mode (b),

showing the arrangement of detectors.

unprecedented clarity.

In this work, analyses were carried out on the powder specimens dispersed in ethanol

and dropped onto lacey carbon grids on the image-corrected FEI TITAN 80/300 at

Imperial College London (measurements made by Dr Na Ni) in TEM mode for initial

feasibility tests, and on the double corrected Jeol ARM300F microscope (measurements

by Dr Emanuela Liberti at Diamond and Oxford University) in STEM mode operated

under 300 keV accelerating voltage, with the proposal numbers EM16932 and EM18050.

The convergence semi-angleused inSTEMwasapproximately 25mrad. TheABFandADF

detectors had an inner convergence semi-angle of 10 mrad and 70 mrad, respectively and

an outer collection semi-angle of 25mrad and 200mrad, respectively. To avoid damage to

the sample from the beam and to record the structure before degradation, a different area

on the particle was used for tilting and a time series of low exposure scans were recorded

that were corrected and averaged for drift.

Data analysis was carried out by registering the images using a non-rigid algorithm as

implemented in both the Smart Align software [231], and an in-house non-rigid algorithm

developed by Dr Colin Ophus (Berkeley). Following image averaging, template matching

was performed [232].

4.5 InductivelyCoupledPlasma -Optical EmissionSpectroscopy

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) is a quantitative

technique for determining the chemical composition of a material. The technique can

resolve concentrations as low as parts per billion, under favourable conditions. The

instrument comprises a plasma torch, consisting of a quartz tube surrounded by flowing

argon gas, covered by an induction coil. As a high frequency current is applied to

the coil, a spark forms which ignites the argon gas to produce a plasma. The sample,

dissolved in strong acid, is injected into the plasma, and its constituent atoms undergo
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electronic transitions. These transitions give off electromagnetic radiation of characteristic

wavelength, which is collected and separated to obtain an intensity scale for selected

wavelengths. The concentration of the elements in the sample is calculated through

comparison with known calibration standards.

In this work, ICP-OES was used as a quantitative compositional technique on the bulk

material in powder form, to confirm the stoichiometry of elements in the garnet and verify

the actual concentration of dopants, as well as the presence of any impurities. A Thermo

Scientific iCAP 6300 Duo ICP spectrometer was used to measure samples dissolved in

5wt%nitric acid, aidedbyheating and stirring,with the elemental concentrations targeted

at 1 to 20 ppm to ensure maximum sensitivity of the technique. Ga, Zr, Al, Ge, La and

Li calibration standards from Sigma Aldrich were diluted in the same concentration of

nitric acid to produce a set of calibration standards of 1 ppm, 5 ppm, 10 ppm and 20 ppm.

Samples and calibration standards were measured gravimetrically, directly weighing into

volumetric flasks before diluting with the 5wt% nitric acid solution.

4.6 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy relies on the phenomenon which occurs when

the nuclei of certain atoms (with non-zero spin, i.e. nuclei with an odd number of

either protons or neutrons) are placed within a magnetic field, with the result that they

absorb and re-emit electromagnetic radiation. The energy of the radiation is at a specific

resonance frequency which is dependent on the strength of the applied magnetic field

experienced by the nucleus and the Larmor frequency of the given nucleus. The principle

of NMR involves two steps; the first is the alignment (polarisation) of the magnetic

nuclear spins in an applied fixed magnetic field, B0; the second is a perturbation of this

alignment through the introduction of a radio frequency (RF) pulse (illustrated in Figure

4.8). Because of the dependence of the perturbation frequency on the local magnetic field

at the nucleus, NMR spectroscopy is used to probe the local chemical environment of a

nucleus under study.

The randomly orientated nuclear spins become aligned under the influence of the

external magnetic field, resulting in the creation of a net magnetic moment M along

the same direction (defined as the z-direction), as illustrated in Figures 4.8a and b. The

build-up of magnetisation is driven by spin-lattice relaxation processes (T1 relaxation)

and eventually reaches a maximum (thermal equilibrium, Figure 4.8c). The nuclear

spins precess under the influence of the magnetic field with a frequency ω0 (the Larmor

frequency) which is characteristic for every nuclei, and which is related to the energy

difference between the nuclear spin states (Zeeman levels). Internal NMR interactions

cause perturbations to these distinct energy levels and therefore lead to a distribution

of frequencies. Next, the thermal equilibrium of the magnetisation is manipulated by

RF pulses and induces a voltage, which decays as a result of relaxation processes, and

is detected as free induction decay. A Fourier transformation of the voltage-time signal

results in an NMR signal of frequency against intensity (Figure 4.8d) [233].
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Figure 4.8: Basic schematic for NMR signal production and acquisition. (a) No

magnetisation exists for randomly orientated spins; (b) magnetisation (Mz) builds up as

a magnetic field B0 is applied along the z-direction and a net magnetic moment results;

(c) spin-lattice relaxation determines the rate of magnetisation build-up; (d) a radio

frequency (RF) pulse results in a voltage being produced which decays and is detected

as free induction decay, while a Fourier transform (FT) of the decay produces a NMR

signal. Adapted from Pecher [233] and Levitt [234].

Solid state NMR is a useful characterisation method for analysing ionic motion at

the atomic level, allowing the local structure and ion dynamics of specific nuclei to

be detected. Unlike solution NMR, solid state NMR spectra are broad owing to the

observation of all anisotropic, orientation-dependent interactions, which although an

asset in terms of the wealth of information available, can also be disadvantageous as

the chemical shift resolution is compromised. Magic angle spinning (MAS) however,

enables the effect of anisotropy to be removed [235, 236]. This involves physical rotation

of the sample which mimics the averaging processes seen in solution, and results

in an averaging of the orientation-dependent anisotropic interactions which include

dipolar coupling (through-space interaction of nuclear spin with local magnetic fields

generated by other neighbouring spins), chemical shielding (anisotropic interaction of

unsymmetrical electrondistribution aroundanucleus) andfirst order quadrupolar (nuclei

with spin > 1/2) interactions. MAS NMR can thus provide detailed information about

the distribution of certain ions (in particular
6
Li,

7
Li and

27
Al in the case of garnet LLZO

electrolytes studied here) with high resolution and sensitivity.

In addition, NMR techniques can be used to probe the ion dynamics (such as Li ion)

at different length/timescales. Pulsed field gradient (PFG) NMR can be used to collect

self-diffusion coefficients on a macroscopic scale (in the range 10
−14

m
2
s

−1
to 10

−9
m

2
s

−1
)

by varying the pulse gradient strength, duration, and pulse interval time (also known as

diffusion time) [65, 66, 237]. Relaxation experiments, such as measuring the spin-lattice

relaxation rate (R1), provide Li-ion dynamics information on different timescales. R1 is

sensitive to jump rates in the range of the Larmor frequency ω0. In this thesis, both PFG

macroscopic diffusivity and R1 microscopic measurements are used to follow the lithium

diffusive motion, and temperature-dependent measurements are used to calculate the
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activation energy Ea [66, 96].

Relaxation is the process by which spins in a system return to their equilibrium

state following a pulse, through interaction with the environment. At equilibrium, the

energy level populations are equal to those described in the Boltzmann distribution,

giving rise to an equilibrium magnetisation; after a radio frequency pulse is applied

the net magnetisation is flipped from equilibrium and its components parallel and

perpendicular to the magnetic field decay independently. Both spin-lattice (R1) and

spin-spin (R2) relaxation rates can be found, by measuring the corresponding relaxation

times, T1 and T2, respectively. T1 depends on the rate of molecular motion and the

physical interactions that cause a fluctuating field at the nucleus and the rate, R1, is a

measure of the transition probability of the spins between distinct Zeeman levels [238].

T1 corresponds to the energy transfer between the spin-system and the ’lattice’ (where the

term ’lattice’ represents all degrees of freedomof thematerial other than the spin-system).

T2 describes the relaxation of the nuclear spins to a state of quasi-thermal equilibrium

among themselves but not with the lattice [47].

Nuclear magnetic resonancemeasurements were carried out in Professor Clare Grey’s

group at Cambridge University by Dr Lauren Marbella and Steffen Emge.
7
Li PFG NMR

measurements were conducted to extract the lithium diffusion coefficients and activation

energies for the garnet samples, aswell as variable temperatureT1 (spin-lattice) relaxation

experiments to measure the activation energies for Li ion hopping.
1
HNMR spectra and

PFGNMRmeasurementswere also obtained for theprotonatedpowderedLLZO(Chapter

6), and
7
Li NMR andmagnetic resonance imaging was conducted on cycled pellets of Ga-

and Al-doped LLZO for dendrite chemical analysis.

Powder samples of different LLZO compositions were sent in Ar-filled, sealed

containers which were later transferred under Ar to 5mm NMR glass tubes modified

with a J. Young valve, making the total volume of the powders in the container around

200 to 400µl. 7
Li NMR diffusion spectra were recorded on a Bruker Avance III 300MHz

spectrometer using a Diff50 probehead equipped with an extended variable temperature

(EVT) 5mm single-tuned
7
Li saddle coil insert. Spectra were recorded with a stimulated

echo PFG sequence at elevated temperatures due to the increase in T2 observed at

high temperature. (N.B. No attempt was made to calibrate the temperature for this

experimental setup because a single-tuned
7
Li coil was used and no reliable

7
Li reference

is routinely used for temperature calibration. The Bruker manual states that for static

measurements, the temperature calibration should be within ± 7
◦
C of the set value.)

The increase in T2 allowed the use of longer gradient pulses, δ, that were necessary to

measure the relatively slow diffusion coefficients present in the solid electrolytes. The

gradient strength, g, was varied from 0.87 to 2300G cm
−1
. The response of the NMR

signal intensity, I, to variation in g, is described by the Stejskal–Tanner equation:

I
I0

� exp

{
− g2γ2δ2(∆ − δ

3

)D
}

(4.13)

where I0 is the intensity in the absence of gradients, γ is the gyromagnetic ratio (γ7
Li

=

103.962 × 10
6
s

−1
T

−1
), δ is the effective gradient pulse duration, ∆ is the diffusion time,
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and D is the diffusion coefficient. Typical δ values ranged from 0.8ms to 1.5ms and ∆

values ranged from 50 to 150ms.

4.7 Electrochemical Testing

4.7.1 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is auseful tool for the characterisationof electroceramicmaterials

as it enables the electrical properties to be measured and separated into their component

parts, for example grain boundary and bulk grain contributions to the total conductivity.

These features will have a resistance contribution in series to the total direct current (DC)

resistance. However they may have differing electrical relaxation (time constants) under

an alternating current (AC) electric field. Impedance spectroscopy involvesmeasuring the

impedance of a sample over a wide range of frequencies and characterising the different

parts of the material according to their electrical relaxation time. Impedance has both

resistive and a capacitive/inductive (reactive) components which can be determined by

applying an AC voltage across the sample and placing a resistor in series and measuring

the in- and out-of-phase components of the voltage and dividing by the magnitude of the

current [239]. The relationship between the AC voltage V of amplitude V0 and angular

frequency ω � 2π f is described by Equation 4.14.

V � V0 exp{iωt} (4.14)

The current I induced can be described according to Ohm’s law by Equation 4.15,

which shows current is in phase with the voltage. It follows from the definition of

impedance (Z � V/I) that the impedance of a resistor is its resistance R.

I �
V0

R0

exp{iωt} (4.15)

When applied across a capacitor with capacitance C, the voltage causes the circuit

element to continually charge and discharge (with charge Q) (Equation 4.16).

Q � CV0 exp{iωt} (4.16)

Differentiatingwith respect to time t gives the current (Equation 4.17), which oscillates

at the same frequency as the voltage but lags the voltage by π/2.

I �
dQ
dt

� iωCV0 exp{iωt} (4.17)

It follows that the impedance of a capacitor is given by Equation 4.18:

Z � − i
ωC

(4.18)

Hence impedance has real and imaginary components and varies with frequency.

These can be plotted on a Nyquist diagram (Figure 4.9) in which the x-axis shows the real
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Figure 4.9: Nyquist plot showing two R-C element pseudo-semicircles representing bulk

and grain boundary components of impedance in a circuit, with restances Rbulk and Rgb,

respectively; plus a low frequency line representative of charge build-up at a blocking

electrode.

component and the y-axis shows the imaginary component of impedance.

Different regions of the sample which have an associated process will each have a

distinctive resistor-capacitor (RC) element in a parallel arrangement, each of which has

a characteristic relaxation time τ � RC seen as a pseudo-semicircle on the Nyquist plot,

each with a characteristic frequency fmax (Equation 4.19) corresponding to the semicircle

maximum Z′′ (with arc peak angular frequency ωmax � τ−1
).

fmax �
1

2πRC
(4.19)

The semicircles are usually easily resolved as the capacitances associated with each

phenomena are different (Table 4.1). Some merging of these semicircles may occur, as

seen in the coalescing grain and grain boundary responses for the lithium garnets in this

work. Often the impedance arcs are depressed or distorted and can be modelled better

by replacing the capacitor C with a constant-phase element (CPE) [240], which has an

impedance given by Equation 4.20:

ZCPE �
1

Q(iω)n (4.20)

where n describes the non-ideality of the device which is unity for an ideal capacitor with

capacitance Q [241] . The effective capacitance of the CPE is given by Equation 4.21.

C � (R1−nQ)1/n (4.21)

The components of the equivalent circuit can be assigned to the appropriate process

by consideration of their capacitance value. Table 4.1 from Irvine et al. [239] details typical
capacitance values for a range of processes.

The low frequency spike shown in Figure 4.9 represents charge build-up at blocking

metal electrodes (for example,Aublockingelectrodes in the caseof the lithium-conducting

ceramics studied here). Ideally, the response from the electrode is solely in the

imaginary regime caused by a double layer capacitance of Li ions and electrons at the
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Table 4.1: Capacitance (C) values and their possible interpretation [239].

Capacitance, F Phenomenon Responsible

10
12

Bulk

10
11

Minor, second phase

10
11
-10

8
Grain boundary

10
10
-10

9
Bulk ferroelectric

10
9
-10

7
Surface layer

10
7
-10

5
Sample-electrode interface

10
4

Electrochemical reactions

interface with the electrolyte. When the electroactive species is not fully blocked at the

interface, Warburg-type behaviour is seen when there is ion diffusion kinetics towards

the electrodes. In an ideal case this will give an inclined spike of angle 45° when there is

infinite diffusion of the mobile species into the electrode material, with |Z′ | � |Z′′ |.
AC impedance was performed on the samples using both Li and Au (Li-blocking)

metallic symmetric electrodes. To prepare the Au electrode cells, Au was

sputter-deposited onto the pellets using a magnetron sputter coater (Q150T, Quorum

Technologies Ltd, UK) with a sputtering current of 20mA for 2 minutes, resulting in an

Au layer of roughly 50 nm thickness. During this process, a circular mask of diameter

0.6mm was applied to both sides of the pellets to control the geometry of the Au coating

(with a fixed area of 0.28 cm
2
). The subsequent cells were measured either in a coin cell

setup (described below) for inert-atmospheremeasurements, or in a custom-made sample

holder placed in a tube furnace under static air, using Pt contacts attached to the wires.

Measurements were taken in static air using this setup at room temperature and as a

function of temperature, using a thermocouple placed next to the sample for temperature

measurement.

For the Li symmetric cell measurements, polished (and in some cases, thermally

etched) pellets were assembled into coin cells (of dimension type 2032) with lithiummetal

foil discs (6.3mm diameter, 1.35mm thick) in the argon-filled glove box, as illustrated in

Figure 4.10, and crimped to close using a manual coin cell crimper (Hohsen Corp.).

For ‘cold-pressed’ Li electrodes, the Li foil was first cleaned with a steel blade to remove

surface impurities, then used to sandwich the LLZOpellet bymanually pressing together.

Stainless steel spacers and springs were used to ensure the total thickness of the stack

was <3.2mm to ensure a good electrode-electrolyte contact and to maintain constant

compression between the active components. For ‘hot-pressed’ Li electrodes, which were

used in the cycling experiments (Chapter 8), the Li foil was adhered to each side of the

pellet by heating on a hotplate on the steel cap for 30 minutes at 150
◦
C, weighing down

with a steel weight. This was repeated on each side of the pellet before coin cell assembly.

For variable temperature measurements using the Li symmetric electrode coin cells, a
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Figure 4.10: Schematic of coin cell setup with Li (left) and Au (right) symmetric

electrodes.

Linkam Scientific THMS600 temperature-controlled stage, which uses liquid nitrogen to

cool the cell down to 100
◦
C, was used. The cell was kept at the temperature of interest

for two hours prior to measurement.

Impedance spectroscopy was performed on a Solatron 1260 Impedance Analyser

instrument from13MHz to 0.1Hzwith a signal amplitude of 100mV,measuring 20 points

per decade with a 10 s integration time, unless otherwise specified. The impedance was

measured with a 2-contact rig and plotted in Nyquist-type plots with the response fitted

to equivalent circuits using Z-view software [242].

4.7.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic technique, in that it measures the current

produced in response to the potential applied to a working electrode. In a CV experiment

the working electrode potential is increased linearly with time. When a set potential is

reached, the potential is reversed (Figure 4.11a). This can happen multiple times during

a single experiment.

The current at the working electrode is plotted against the applied voltage to give

a cyclic voltammogram, as the potential of the working electrode is swept from E1 to

E2 (Figure 4.11b). Where there is no electrochemical response, the current produced

as the potential changes is non-Faradaic, i.e. capacitive. At potentials near or at the

overpotential (η) required for reaction, the current is Faradaic (caused by charge transfer

at the electrode). This current illustrates the changing rate constant for electron transfer

and the mass transport properties of the electroactive species, producing characteristic

redox curves.

In this thesis, cyclic voltammetry is used on Ge0.10-LLZO pellet samples to confirm

their redox stability across a large applied voltage range using Li metal as reference,

counter and working electrodes. An Ivium Stat potentiometer was used for the

measurements, over a voltage range of −0.5 to 4V vs. Li
+
/Li, with a scan rate of 10mVs

−1
.
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(a) (b)

Figure 4.11: (a) Cyclic voltammetry (CV) sweep diagram of potential, E, with time, t.
Potential is swept between E1 and E2; (b) cyclic voltammogram of a fully reversible redox

couple showing peak potential Ep, peak current Ip, and peak separation potential ∆Ep.

The arrows on the trace show the direction in which the potential is swept. The

subscripts a and c denote anodic (oxidative) and cathodic (reductive) processes,

respectively.

4.7.3 Charge/Discharge Cycling

The electrochemical properties of cells are commonly studied using the charge/discharge

galvanostatic method, i.e. electrochemical cycling at a constant current applied per gram

of active material or, as in the case of ceramic electrolytes with Li metal electrodes, with

respect to the total surface area of the electrode. In general, the resulting galvanostatic

profile displays the evolution of the cell voltage as a function of the chemical composition

(and structural phase transformations) of the electrode material [233].

In this work, charge/discharge cycling is performed on symmetric Li/LLZO/Li cells

to measure the voltage as a function of applied current and to determine the onset current

density for cell failure, or dendrite formation (Chapter 8). Cell cycling on symmetric Li

electrode coin cells was carried out using a 580 Battery Test System (Alvatek) and BCycle

software at room temperature. Cells were prepared using the ‘hot-pressed’ Li procedure

described above in Section 4.7.1. Cells were cycled with increasing current densities from

0.01mAcm
−2

to 2mAcm
−2

with steps of 0.01mAcm
−2
, held for 30minutes for each charge

and discharge step, with a 5 minutes rest period between charge/discharge cycles, until

the cell showed short-circuit behaviour. Cycled pellets were prepared for post-mortem

analysis on the surface and cross-sections of the cycled pellets by disassembling the coin

cells in the glove box (using a Hohsen disassembler) and peeling away the adhered Li

metal (taking care not to damage the surface morphology of the pellet). For cross-section

fracture surface analysis, the cycled pellets were cleaved in half bymanually snapping the

pellet beforemounting on a specially-designed SIMS holder for viewing the cross-section.

4.8 Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry is used in this work as a highly sensitive, mass-specific

chemical technique to analyse the surfaces and near-surface regions of the garnet pellets
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Figure 4.12: Representation of a SIMS collision event, leading to the formation of a

secondary ion ejected by the solid and capable of capture by the SIMS detector, adapted

from Fearn [244].

following a range of chemical and atmospheric treatments. It is exploited, in particular, in

this work owing to its ability to distinguish between different stable isotopes of the same

element and so is a technique for concentration depth-profiling of isotopically-enriched

or labelled atomic species in a material. This work was pioneered by Kilner et al. [45,

46, 243] in the field of oxygen ion conducting materials for high temperature solid oxide

fuel cells, oxygen membranes and oxygen sensors, and used to experimentally determine

macroscopic oxygen diffusivities using a
18
O tracer. In addition to its ability to detect

and differentiate between isotopes, its ability to detect light elements (such as H and

Li) and its high lateral and depth resolution, including selected area analysis with the

help of secondary ion imaging (in the focussed ion beam-SIMS, Section 4.8.2), makes

it a powerful analysis tool. For these reasons SIMS was used extensively in this thesis

for moisture reactivity and corrosion characterisation experiments (Chapter 6), lithium

isotopic labelling (Chapter 7) and dendritic analysis in cycled cells (Chapter 8).

SIMS essentially involves the bombardment of a surface with a beam of primary ions,

which results in sputtered atoms and molecules forming, some of which will be ionised

as they leave the target surface. These so-called secondary ions are extracted in the SIMS

instrument and mass analysed prior to reaching the ion counting detector.

During a SIMS measurement, ions which have been accelerated to high energies

(typically 10 to 40 keV) are fired at a surface, and some of their kinetic energy is transferred

to the lattice by billiard-ball type collisions, producing a collision cascade within the solid

(up to a so-called displacement depth). Some of the particles will intermix within the

sample, but some atoms or groups of atoms will receive enough energy for them to

overcome the surface binding forces and become ejected from the sample, as illustrated

schematically in highly simplified form in Figure 4.12. These particles will have a much

lower energy than the incoming primary ions owing to dissipation of energy during the

collision process, but will be greater in number than the incident primary ions. The

information depth associated with the depth of the origin of these particles is quoted to

be several atomic layers (i.e. ∼ 0.25 to 1.25 nm) [245]; however, due to themultiple collision

processes that occur during sputtering, this may be greater in some cases. The distance
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between the incident primary ion and the location of ejection of the secondary ion may

be up to 10 nm in an inorganic sample [244].

SIMS operation is divided into two operating modes: dynamic and static. In static

SIMS a low primary ion beam dose is used to minimise the interaction of the primary ion

beam with the top layer of atoms in the sample, such that <1% of the surface is removed

[246], and the analysis is essentially non-destructive. This has been shown to be true

when the dose is < 10
15

particles cm
−2

in inorganic materials [244], or <1 nA cm
−2

[247].

In dynamic SIMS, the dose of the primary ion beam (>1µAcm
−2
) [247] ismuch higher. By

monitoring secondary ion signals as a function of time we are able to yield a distribution

of species with depth. It is possible to combine the two techniques through the use of a

sputtering beam during a nominally static regime to allow collection of depth-dependent

data.

Ionisation occurs at or very close to the emission of the particles from the surface,

hence the ionisation process is strongly influenced by the chemical state of the surface,

and this is known as the SIMS matrix effect. The emission of secondary ions can be

described by the basic SIMS equation, Equation 4.22. Here In is the secondary ion

intensity of species n (i.e. the measured counts), Ip is the primary ion beam current, Y is

sputter yield (which depends on beam conditions and targetmaterial), αn is the ionisation

probability (which depends on the beam conditions - the energy of the primary ion beam

and angle of incidence, and also on the local chemistry and species n identity), and Cn is

the concentration. T is an instrumental transmission factor (it describes the efficiency of

ion extraction and transport to the mass spectrometer).

In � IpYαnTCn (4.22)

Equation 4.22 shows that the measured secondary ion counts, In , is proportional to

the concentration Cn , however quantification problems arise due to αn , which is the

chemistry-dependent ‘matrix-effect’ described above; hence normally quantification of

SIMS measurements require a standard reference sample of the same matrix material

with known concentrations of the element of interest, used to calibrate measurements.

Isotope measurements of a single element mean the process can be simplified as αn is

the same for both isotopes, assuming a negligible isotopic effect arising from difference in

mass (being less pronounced for heavier versus lighter elements), and all other terms in the

SIMS equation are identical. Hence we can assume the same constant of proportionality

for both isotopes when relating secondary ion intensity (I) to concentration. Additionally,

the proportionality constants will cancel on taking the isotopic fraction, C(x), which in

the case of lithium-6 (
6
Li), is given by Equation 4.23:

C(6Li) � I(6Li)
I(6Li) + I(7Li) (4.23)

The ionised particles are mass resolved by a mass analyser, the three most common

types being the quadrupole, the magnetic sector and the time-of-flight detector. Each

of these have a different associated sensitivity and mass resolution, and are selected
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depending on whether dynamic or static SIMS measurements are being made; for

example, in dynamic SIMS a high sensitivity for a particular element may be required.

In this work, a quadrupole detector was used in the dynamic-mode ‘focussed ion beam’

(FIB) SIMS instrument, and a time of flight (TOF) detector was used in the TOF-SIMS

instrument, under static SIMS mode. More details on these two instruments are given in

the following sections.

4.8.1 Time of Flight SIMS

In this work a dual-beam TOF-SIMS V instrument (ION-TOF GmbH, Münster, Germany)

was used for selected analyses, with protected-atmosphere sample transfer using a

vacuum suitcase transfer module. A liquid metal ion gun (LMIG) of Bi
+
ions or Bi

3+

cluster ions is used as the primary ion beam source, which works by forming Bi ions

through a field emission process using a very high extraction field to give a very high

brightness ion beam, which has a small relative energy spread and hence a good focus

quality (and correspondingly high lateral resolution). This is coupledwith a high current,

lowenergy sputter gun indual beammode to enabledepth-profilingbyalternating sputter

and analysis steps, using an electron impact source i.e. O
+

2
ion, Ar

+
n clusters, or a surface

ionisation source i.e. Cs
+
. Electron impact sources are formed from ionisation of the

gas by electron impact. The O
+

2
ion beam enhances the positive secondary ion yield by a

surface chemical effect. Surface ionisation sources are formed from the thermal ionisation

of atoms. Cs
+
ions readily lose their 6s valence electron, so are good for the detection of

electronegative species. The sputter is used over a much greater area than the analysis in

order to avoid crater edge effects. In most cases here, the sputtered crater width is set to

500µm by 500µm, with the analysis rastering over an area of 200µm by 200µm.

The first step in the analysis by TOF-SIMS is to send a short-duration primary ion

pulse (to enable highmass resolution) to the sample. In bunched or high current bunched

mode (HCBM)1, a ∼ 20 ns pulse is sent through a condenser in order to bunch the ions

together and form a packet of about 0.6 ns. In burst or ‘pulsing-enabled burst alignment

mode’ (BAM)1 a longer pulse (i.e. 100 ns) is modulated with a MHz signal in order to

cut several ∼ 1 ns pulses (bursts) out of a larger ion packet [248]. Figure 4.13 illustrates

these two modes. In this instrument setup, saturation of the TOF detector can occur,

but using a pulsed burst mode, rather than bunched mode, prevents saturation of the

detector whilst enabling high count rates to be maintained for minor isotopes which is

important to minimise error due to counting statistics in the measurement of isotopic

ratios. Burst mode also delivers higher lateral resolution, which is important when

carrying out linescan analyses. The disadvantage with using bunched mode is that the

mass resolving power R, which is defined as the ability to separate two adjacent peaks’

full width half maximum, and equal to m/∆m, is around 3500, which may be too low

for some analyses. For high mass resolution but lower lateral resolution, HCBM mode is

better suited.

The pulsed ion beam defines the start time for detection of the secondary ions, which

1ION-TOF nomenclature for the two ion beam modes in TOF-SIMS
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Figure 4.13: Schematic of the two operational modes of the Ga
+
LMIG in the TOF-SIMS

instrument; bunched mode (top) and burst mode (bottom).

are extracted normal to the surface by a 2 keV electrical potential and are accelerated to

the same kinetic energy EK. As EK �
1

2
mv2

, the velocity v of the ions is now inversely

dependent on the square root of their mass m. The ions are separated according to their

velocity in a flight tube of known length without the use of an electric or magnetic field.

The arrival times of the ions at the detector will thus depend on their mass, so a mass

spectrum can be formed. The detector is a single-ion counting system, so the possibility of

several ions arriving at the same time and not being recorded is accounted for by Poisson

statistics, which is especially important in high intensity isotope signals where accurate

isotopic ratios are required.

Under bombardment by primary ions, electronically insulating samples can become

charged, leading to a change of ion extraction energies - local field effects causing

disturbance of secondary ion trajectories - and migration of mobile ions in the sample. To

prevent this, a charge compensation system is used in which a low-energy electron source

(20V electrons) is combined with a pulsed secondary ion extraction field [249].

In this thesis, TOF-SIMS was used for large-area analysis of samples, in particular for

ion mapping of multiple secondary ion species.

4.8.2 Focussed Ion Beam SIMS

In this work, a quadrupole mass analyser-based FIB-SIMS system was used, an FEI

FIB200-SIMS instrument (ThermoFisher Scientific) fittedwith a second, HIDENEQS 1000

SIMS detector, enabling dual-polarity detection simultaneous acquisition [250]. This

system is operated under dynamic conditions, using a liquid metal ion gun (LMIG)

consisting of a Ga
+
primary ion source and a two-lens column operating at 30 keV. The

source consists of a tungsten needle coated in gallium, which under the high extraction

voltage (12 kV) results in ionisation of Ga and a finely focussed primary beam (∼ 10 nm

diameter under optimal conditions with 20 pA current). The chamber pressure during

operation was typically 5x10
−7
mbar.

In dynamic SIMS, the objective is to establish steady state conditions of erosion rate
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and surface chemistry, which with a Ga
+
primary ion beam is said to be reached at a dose

of ∼ 10
15−10

16
ions cm

−2
. Under the steady state condition, as the target is bombarded by

primary ions, some of these ions are retained in the target after implantation, whilst the

exposed surface is being simultaneously sputtered away. Steady state is obtained when

primary ion implantation and removal processes are equally matched; at this point the

concentration of primary ions in the base of the sputter crater is at a maximum. Prior to

this dose, but above the static regime dose, a pre steady state regime is said to exist in

which the surface chemistry, erosion rate and ion yields of the crater base may change

drastically as irradiation proceeds.

The quadrupole mass analyser separates incoming ions on the basis of their

mass-to-charge (m/z) ratio using an oscillating electromagnetic field across the ion

trajectory [251]. It contains four parallel rods under constant DC bias with opposite

pairs of rods carrying an additional oscillating radio frequency AC component. The ratio

of these two voltage amplitudes selects the mass of the ion that can travel between the

entrance and exit apertures at either ends of the 4 rods of the analyser. The fluctuation

of the field causes most ions to travel on an unstable oscillating path, but a single m/z
ratio ion at a time will follow a stable trajectory, reaching the detector. This depends on

the selection of a very narrow range of secondary ion energies (< 1 eV) input into the

mass analyser. In this work, the minimum increment is 0.05 u for the quadrupole SIMS

detectors where the full width, half-maximum value for a typical
16O− peak is 0.37 u in

the FEI detector.

As sputtering removes atoms/molecules present at the outer surface of a solid,

measurement of the secondary ion signal as a function of sputtering time provides a

depth distribution of the signal measured. Profiles over depths ranging from several nm

to ∼ 10µm can be collected [252].

In thiswork, the primary ion beam is from a gallium ion source and is incident at 30° to
the normal of the ceramic surface (to ensure efficient secondary ion collection, given by T
in Equation 4.22) operatedwith a range of currents. This means that primary Ga

+
ions are

implanted into the sample with a range of∼ 15 nm and a distribution half-width of∼ 7 nm
estimated by themodel SRIM (stopping and range of ions in materials) [253] and detected

as Ga
+
secondary ions. The current of the Ga

+
primary ion beam is varied in this work

depending on the data collection technique used - a larger current for depth-profiling

(100 pA to 1 nA) of deep craters is used, whereas near-surface features are followed with

a lower current (< 500 pA) to enable higher depth resolution (< 10 nm). The crater depths

were calibrated using the secondary electron image recorded with the sample tilted at

45°. Imaging is carried out with a typically 30 pA primary ion beam current, to minimise

surface damage, in both secondary electron and ion imaging modes. The ability to

image in these modes to a high resolution (∼ 5 nm) enables selected area analysis of the

sample; for example, in the LLZO pellet samples we are able to selectively depth-profile

within grains, enabling the separation of grain and grain boundary chemical information.

FIB-SIMS depth-profiling was used in tracer diffusion experiments (Chapters 6 and 7) to

extract diffusion lengths up to 5µm depth. The eucentric height (where the sample tilt
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axis is through the sample surface at the centre of the imaged area) is used to ensure

the gallium primary ion beam condition (i.e. beam current density) is maintained and

produces reproducible results between analyses.
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Chapter 5

Synthesis and Doping of
Li7La3Zr2O12

As discussed in Chapter 3, a thorough characterisation of Li7La3Zr2O12 (LLZO)

ceramic materials is somewhat lacking in the literature. Despite some comprehensive

structural studies on phase formation and crystallography of the powdered material, the

formation of technologically-useful ceramic pellets ormembranes is hindered by a limited

understanding regarding the processing and associated microstructural effects, which

have a knock-on effect on electrochemical characterisation and implications for device

performance. These effects can originate from synthesis and processing conditions, but

also include the role of added dopants used to stabilise the cubic phase.

The issues addressed in this chapter are twofold: Firstly, the synthesis and processing

parameters used in this thesis are introduced; these have been designed to be optimised

for the production of garnet ceramics, and are intended to build on existing research. Here

the focus is on Ga-doped and Al-doped LLZO compositions, which are introduced in this

chapter and which are characterised in more detail in later chapters. These are selected

for study as technologically relevant and interesting compositions as solid electrolytes:

Ga-doped LLZO has been reported to possess the highest room temperature Li ion

conductivity for the garnet materials to date (> 1mS cm
−1
) [113, 137–139], and Al is a

common impurity introduced through alumina crucibles used as a vessel for sintering

the pellets. Secondly, a new dopant is investigated (Ge
4+
), in an attempt to evaluate its

feasibility to be used in LLZO, and to answer questions on the role of dopants on the

structural and transport properties of both the LLZO grains and the pellet as a whole

(including grain boundaries, interfaces, impurities and sinterability).

5.1 Garnet Synthesis

The two doped cubic garnet compositions on which much of the experimental work in

this thesis is based are Ga0.15-LLZO and Al0.15-LLZO (with the nominal stoichiometries

Li6.55Ga0.15La3Zr2O12 and Li6.55Al0.15La3Zr2O12, respectively). The doping content of 0.15

atoms per formula unit (a.p.f.u.) was chosen based on the argument that an optimal

lithium content of 6.4 to 6.6 Li a.p.f.u. is necessary for the best ionic conductivity in these
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materials [50, 105, 117, 152, 153], and based on the work of Bernuy-Lopez et al. [137]

in which the highest conductivities for LLZO at the time were reported for a controlled

synthesis method using a measured Ga content of 0.15 a.p.f.u. The nominal Al content

for Al-LLZO samples was chosen to match this concentration, as both dopant cations

are expected to substitute in the same position of the Li sublattice (see Chapter 3 for a

discussion of dopants in LLZO).

Some optimisation of the synthesis and processing parameters were made, in order to

obtain dense, phase-pure and conductive ceramic pellets. A discussion is included below.

5.1.1 Thermal Treatment: Atmosphere and Temperature

Work described by Bernuy-Lopez et al. [137], involving synthesis of Ga0.15-LLZO by

sintering in flowingdry oxygen, highlighted the importance of controlling the atmosphere

to obtain highly dense pellets and to prevent proton-lithium exchange processes occurring

as a result of atmospheric moisture reactivity. We thus took this method and developed

it further, making use of a new custom-made glove box setup which was coupled to a

high temperature furnace, in which all processing steps were carried out (see Chapter 4

Sections 4.1.1 and 4.1.2 for specific details on the synthesis and thermal treatment).

Several combinations of atmosphere treatments for the calcination and sintering

steps were tested, using combinations of dry flowing oxygen, air, vacuum and argon

atmospheres (the latter two being carried out in the glove box furnace, which does not

have the capability for air or oxygen atmosphere operation).

Figure 5.1 summarises the resultant powder X-ray diffraction (XRD) patterns on

Ga0.15-LLZO starting from the same batch of combusted powder (made from the sol-gel

technique using 10 % excess Li in the starting materials and combusted at 600
◦
C) for

different calcination and sintering atmospheres and temperatures. Heating for 12 hours

at 800
◦
C in O2 followed by 6 hours at 1150

◦
C under argon gave the purest cubic

phase powder; however, some commonly-found Li2ZrO3 impurity remained in these

experiments (with diffraction peaks labelled with a + symbol in Figure 5.1).

The two impurity phases, Li2ZrO3 and La2Zr2O7, seen in Figure 5.1 were frequently

encountered during the course of this PhD synthesis work, highlighting the meta-stable

and complex nature of LLZO, which is very sensitive to changes in stoichiometry. The

control of the starting materials for obtaining the desired garnet phase and avoiding the

formation of secondary phases was found to be critical.

Particle Size

Particle size analysis was carried out using dynamic light scattering on powder samples of

Ga0.15-LLZO in suspension and also with scanning electron microscopy (SEM) imaging

following different atmosphere, time and temperature treatments. The corresponding

particle sizes are given in Table 5.1, and images are given in Figure 5.2. In general, a bi- or

tri-modal particle size distribution is seen. Cheng et al. [147] used bimodal particle size

distribution to produce dense pellets of Al-LLZO with grain sizes 20 to 40µm across. It

is thus not unsurprising that our final choice of thermal treatment of the LLZO powders
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(a)

(b)

(c)

Figure 5.1: Powder X-ray diffraction patterns of Ga0.15-LLZO following different

atmosphere and temperature treatments. (a) Following an initial calcination heat

treatment step (800
◦
C for 12 hours) and (b and c) following calcination for 6 hours at

800
◦
C and sintering at higher temperature, where (c) is an expanded view of (b) in the

range 15 deg < 2θ < 35 deg. * indicates La2Zr2O7 impurity peaks; + indicates Li2ZrO3.
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(a) (b)

Figure 5.2: Ga0.15-LLZO powder SEM images after thermal treatment in (a) O2 at 800
◦
C

for 12 hours and (b) argon at 1150
◦
C for 6 hours.

(12 hours at 800
◦
C in O2 before sintering the pellets in argon at 1150

◦
C) gave a bimodal

distribution of grains which were densely packed (see Chapters 6 and 8 for micrographs

of the sintered pellets).

Table 5.1: Average particle sizes of Ga0.15-LLZO powders undergoing different heat and

atmosphere treatments as measured by dynamic light scattering.

Thermal treatment 800
◦
C O2, 6

hours

800
◦
C O2, 12

hours

1150
◦
C argon, 6

hours

Particle sizes (µm) 0.7, 3, 20 0.7, 20 0.7, 20

High Resolution Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) was carried out on powder

Ga0.15-LLZO samples as a characterisation tool in which atomic columns can be imaged

directly, confirming the crystal structure andas ameans to check for thepresence of defects

or secondaryphases. Itwas initially hoped that usinghigh resolution aberration-corrected

STEM that Li atoms, dopants and also protons (in the proton-exchanged samples in

Chapter 6) might be imaged; however, as discussed here, this was found not to be possible

under the present conditions.

For the STEM measurements, finely milled powder was suspended in dry ethanol

to make a just-translucent suspension and sonicated to disperse, then 10 drops of the

suspensions were dropped onto lacey carbon film copper mesh grids, before mounting

in a double tilt Be holder. Bright field (BF) and annular dark field (ADF) images were

taken simultaneously along the [001] zone axis to resolve the columns of oxygen atoms.

Due to problems of damage to the sample from the beam, a low beam current of 0.6 pA

and 5x10
6
magnification was used, following a high current (several hundreds of nA)

beam shower to remove hydrocarbon contamination under the beam caused by residual

carbon from ethanol. Additionally, fast acquisition of frames (2µs/frame), to make a

three-dimensional stack of 12 frames, was undertaken, and the average of these frames

was used (see Chapter 4, Section 4.4.2 for further details).

The Ga0.15-LLZO powder STEM images show the expected atomic arrangement for
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Figure 5.3: STEM bright field (BF) (left) and annular dark field (ADF) (right) images

taken at 300 kV with a current of 0.6 pA of Ga0.15-LLZO powder, along the [001] zone

axis. Purple atoms are La, green are Zr and red are O. Images were averaged and

template matched [232] (see Chapter 4, Section 4.4.2 for further details).

Figure 5.4: Atomic positions of (a) La, Zr and pure oxygen columns only and (b) the Li

atoms (24d in navy blue, 96h in light blue) and O atoms (red), viewed along the [001]

zone axis in cubic LLZO. Images were created in CrystalMaker software [254].

the cubic form of the garnet, with the columns of oxygen atoms in the BF image visible as

bright spheres, and the regular arrangement of heavy Zr and La atoms in the ADF image

(Figure 5.3). Figure 5.4 shows the expected arrangement of atoms along the [001] zone

axis for cubic LLZO.

Lithium atoms are not visible in this setup owing to sensitivity of the sample under the

beam which leads to radiolysis (bond breaking) of the LLZO powder when it is exposed

for a period of time. However, the oxygen atoms (pure columns which do not experience

shadowing from the heavier elements, shown in red in Figure 5.4) are visible as bright

areas in the BF image. In general, the powders appeared defect-free, with long-range

ordering of atoms.

The sample was also measured in STEM mode under a lower, 200 kV, accelerating

voltage, with a current of 4 pA to test the effect of voltage on the type and extent of beam

damage to the specimen. It was found that an equal extent of beamdamage is causedwith

this lower voltage setting, with the sample amorphising under the beamwhen exposed for

more than a minute, confirming radiolysis as the primary mechanism for beam damage

(instead of knock-on effects caused by electrons displacing atoms which are dominant at

much lower voltages).

It was also noted that leaving the specimens on the TEM grids in air for long periods
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(a) (b)

Figure 5.5: Dense, translucent (a) Al0.15-LLZO and (b) Ga0.15-LLZO pellets.

of time (several hours), caused an amorphous region to form around the particles, which

was visible under the TEM imagingmode, likely caused by formation of LiOHandLi2CO3

(see Chapter 6 for a full discussion of proton exchange and degradation processes in these

materials).

Despite much work involved in optimising the technique for high resolution imaging

of these materials, and the challenges associated with beam damage and sample

sensitivity, a workable method for imaging the garnet has been developed, and will

be carried forward for future work now that the limitations of the technique in studying

LLZO are better understood.

Sintered Pellets

In addition to the favourable phase purity using 800
◦
C O2 followed by 1150

◦
C Ar heat

treatments, the densities of the sintered pellets under an argon atmosphere were found to

be far superior to those sintered in air or flowing dry oxygen, with up to 35% reduction

in the relative density measured geometrically for an air sintered pellet compared to an

argon sintered pellet, and up to 20% reduced densities for oxygen-sintered pellets.

The current synthesis and processing parameters were thus selected in order to obtain

phase pure, high density pellets, under highly moisture-controlled conditions – calcining

in oxygen to obtain the correct stoichiometry, followed by the final sintering step under

argon atmosphere. Transparent garnet pellets were thus obtained (as illustrated in Figure

5.5), using the selected synthesis and processing method. It was noted that occasionally,

some pellets appeared blue in colour (Figure 5.5b), a phenomenon only observed when

sintering in an argon (and also vacuum) atmosphere.

X-ray photoelectron spectroscopy (XPS) measurements of the samples thermally

treated in flowing oxygen furnace (both calcine and sintering steps in O2) showed that

these samples underwent severe charging during measurement, causing the line shape to

be distorted and preventing the peaks from being fitted, whereas pellets sintered under

vacuum or argon did not show the same charging effects (see Appendix A.1 Figure A.1).

It is possible that colour centres may be created in some of the pellet samples sintered

under vacuum and argon atmospheres, which are more reducing in nature, producing

some electronic conducting behaviour in the pellets which helps dissipate charge. To

facilitate the creation of colour centres, oxygen vacancies (V••
O
) might be formed which

trap the electrons (e
′
), see Equation 5.1 [28, 160, 255].

V
O

+ 2e
′
 V

×
O

(5.1)
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This could be consistent with the proposal that oxygen atoms leave the surface of

LLZO as O2 in combination with Li
+
loss under reducing conditions, resulting in the

formation of oxygen and lithium vacancies [256]. Coloured Ta- and Nb-doped garnets

have been reported previously [160], the colours seen to intensify as a function of thermal

treatment time and put down to the formation of Li
+
and/or O

2−
vacancies. The existence

of oxygen vacancies in LLZO has been reported only once before, by Kubicek et al. [28],
where a change in oxygen vacancy concentration was implied through oxygen isotopic

exchange experiments. Further investigations into the presence of colour centres and

oxygen vacancies is beyond the scope if this work but is an important aspect in the

understanding of phase stability and ionic mobility in these materials.

5.1.2 Crucible Effects

In order to understand the effect of the crucible type during high temperature sintering,

experiments were carried out in which ZrO2 crucibles were used in all stages of the

thermal treatment for a number of different undoped, Ga-doped and Ge-doped LLZO

pellets. The resultant pellets were found to be brittle and failed to hold their form during

even light abrasion with SiC paper. This supports the role of alumina crucibles in aiding

a liquid sintering process through the formation of a Li2O-Al2O3 eutectic. The relative

density, measured by Archimedes’ method in ethanol, using a ZrO2 crucible in cubic

Ga- and Ge-LLZO pellets was found to reduce from above 95% as found with an Al2O3

crucible, to below 50%. The effect of Al from the Al2O3 crucible is clearly seen in the

nominally undoped pellet XRDpatterns in Figure 5.6. It shows that in the samplemade in

an alumina crucible, the resultant XRD pattern is largely cubic (Ia ¯
3d space group), likely

due to doping of the LLZO with Al
3+

from the crucible. However, in the sample made

in a ZrO2 crucible the phase is tetragonal (space group I41/acd), with associated peak

splitting illustrated by the three split peaks of the (024) diffraction plane, but the pattern is

dominated by a large pyrochlore (La2Zr2O7) set of peaks (indicated by *). This is expected

to be due to Li loss from the top surface of the pellet during sintering, resulting in the

formation of pyrochlore secondary phases at the surface. This was described in previous

reports with Ta-LLZO [123], in which La2Zr2O7 was found on the top surface of pellets

when sintering was performed without the protection of a closed environment to keep

the partial pressure of Li in the crucible constant. It is possible also that the presence of

Al from the Al2O3 crucible may help prevent Li loss in the sample through the presence

of the Al2O3-Li2O eutectic, which traps the Li ions.

Secondary electron and optical images of undoped LLZO pellets sintered in alumina

crucibles (Figure 5.7) show evidence of liquid phase sintering, seen as a front formed

across the pellets from the edges. This was confirmed by the presence of a large amount

of Al
+
secondary ions as detected by secondary ion mass spectrometry (SIMS) surface

mass spectra at the edge of the pellet when compared to the central region of the pellet

(Figure 5.7d).

Low energy ion scattering (LEIS) was utilised to investigate the migration of light

cations through pellets of LLZO during the sintering process. Both Ga0.15-LLZO and
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Figure 5.6: Pellet XRD patterns of nominally undoped LLZO, with thermal treatment in

ZrO2 (red line, middle) and Al2O3 (black line, top) crucibles. The sample sintered in an

Al2O3 crucible shows almost pure cubic (Ia ¯
3d space group) symmetry (reference pattern

shown at the bottom), whereas the ZrO2-treated LLZO pattern takes the tetragonal phase

with a large quantity of pyrochlore phase (peaks marked by *). (240),(042) and (024)

indicate the diffraction peaks of the (024) plane which split in the tetragonal structure.

Al0.15-LLZO cold-pressed pellets were sintered in alumina crucibles. Both sides of

the pellets were subsequently measured in LEIS depth-profiling mode to determine the

relative differences in Al and Ga content. Figure 5.8 shows
4
He LEIS depth profiles over

an analysis area of 750µm by 750µm. The dose per cycle was 7x10
14

ions cm
−2

for the

4
He analysis gun, and 3.4x10

15
ions cm

−2
for the Ar sputter gun, to ensure that most

of the sputtering was carried out by the lower energy sputter gun to allow reasonable

depth calibration and to minimise intermixing from the higher energy
4
He projectiles.

LEIS measurements were taken by Dr Andrea Cavallaro at Imperial College London. It

can be seen that in both Ga- and Al-LLZO pellets, the top side which was not in direct

contact with the alumina crucible shows an overall net loss of Al and/or Ga relative to

the under side that was in direct contact with the crucible. Even in the Ga-LLZO pellet,

Al is present as it is introduced through the crucible and shows a directional distribution

(being more plentiful on the side of pellet in contact with the crucible during sintering).

These results highlight the ease of mobility of the lighter cations in LLZO during the

thermal treatment processes, with implications on compositional control and Li
+
charge

carrier concentration.

5.2 Germanium Doping

The possibility of doping with Ge
4+

was also investigated, using a nominal concentration

range of 0.05 to 0.15 Ge a.p.f.u. of LLZO, in order to achieve the optimal Li ion to vacancy
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(a) (b)

(c) (d)

Figure 5.7: (a) Secondary electron, (b) secondary ion and (c) optical images of an

undoped LLZO pellet surface showing a liquid phase front (dark contrast) from the

edges of the pellet formed during sintering. (d) SIMS positive secondary ion surface

mass spectra of the pellet centre (away from the liquid phase front, black solid line), and

the pellet edge (red dashed line), taken over an area of 100µm by 100µmwith a primary

ion beam current of 300 pA.
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(a) (b)

(c)

Figure 5.8:
4
He LEIS depth profiles with a 0.5 keV Ar sputter gun showing normalised

Al and Ga intensities (with respect to the sum of all surface species) for (a and b)

Ga0.15-LLZO and (c) Al0.15-LLZO pellets sintered in alumina crucibles, measured on

both sides of the pellets. The sputter area is 1500µm by 1500µm and the analysis area is

750µm by 750µm.
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concentration ratio for maximum conductivity (targeting a Li content of 6.4 to 6.6 a.p.f.u.,

as described in Chapter 3). The principle for using Ge
4+

as a potential dopant is based on

the idea that, following the success of the trivalent species Ga
3+

and Al
3+

which stabilise

the cubic phase with a maximum conductivity at 0.15 a.p.f.u., a better ionic conductivity

might be achieved with a higher valent cation which can be accommodated in the garnet

structure whilst maintaining its oxidation state. It is suggested that this could be achieved

because of the lower concentration of dopant species needed to maintain the optimum Li

stoichiometry (charge balance dictates three Li vacancies created per mole of Ge added,

instead of two with Al and Ga, as seen in Equations 5.2 and 5.3), thus reducing ion

pathway blocking effects and improving conductivity. It was noted in Chapter 3 that

the crystal radius of Ge
4+

is almost identical to that of Al
3+

in both tetrahedrally- and

octahedrally-coordinated sites (see Table 5.2); as such, it might be expected that Ge
4+

would have similar crystallographic preference to Al for the Li sites in the lattice.

GeO
2

LLZO

Ge
Li

+ 3V
′
Li
+ 2O

×
O

(5.2)

1

2

Ga
2
O

3

LLZO

Ga
Li

+ 2V
′
Li
+

3

2

O
×
O

(5.3)

Table 5.2: Table of crystal radii of Li, Al and Ge cations, showing their valence and crystal

radius in 4- and 6-fold coordinated (CN) sites; data from Shannon’s Revised Effective Ionic
Radii [154].

Ion Valence 4 CN crystal
radius (Å)

6 CN crystal
radius (Å)

Li +1 0.73 0.90

Al +3 0.53 0.675

Ge +4(+2) 0.53 0.67(0.87)

The aim of this work is to fully characterise the Ge-doped LLZO material, both

structurally and electrochemically, and to assess its suitability for use as a solid state

electrolyte, and to use it together with known properties of Al- and Ga-doped LLZO,

to relate the lattice occupancy of the dopant to the observed conductivity trends for the

series.

5.2.1 Optimising the Germanium Concentration

Preliminary work by Huang et al. showed that the cubic phase could be achieved with

a Ge doping content of 1wt%, and that Ge behaves as a sintering aid (favouring grain

growth) [133]. 1wt% corresponds to∼ 0.12 Ge a.p.f.u., consistent with previous estimates

for optimum Li content. For this reason, compositions with a range of nominal Ge

stoichiometry 0.05 to 0.15 a.p.f.u. were investigated to further characterise the phase

stability and conductivity trends. Huang also observed that a high Ge content in the
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Figure 5.9: XRD patterns of Ge-doped LLZO pellets, showing the variation between

different doping content compositions, and the theoretical reference pattern for cubic

Ia ¯
3d (shown at the bottom). (240),(042) and (024) indicate the diffraction peaks of the

(024) plane which split in the tetragonal structure.

starting materials may lead to accumulation in grain boundaries, especially in the form

of GeO2 which has a melting point of 1115
◦
C, below the sintering temperature used. It

may also act as a sintering aid, improving the connection between grains.

X-ray Diffraction

Figure 5.9 shows XRD patterns of the Ge-doped LLZO pellets with different nominal Ge

concentration. In agreement with the work of Huang [133], the sharpest cubic pattern is

found for the Ge0.10-LLZO sample. At lower concentrations of Ge, lattice stabilisation is

not as effective, resulting in a splitting and broadening of the diffraction peaks, indicative

of tetragonal character. For example, thediffraction of the (024) plane in the cubic structure

yields one single peak in the theoretical profile, but splits into three peaks in the tetragonal

I41/acd structure, seen in the Ge0.05-LLZOpattern. The pattern for Ge0.15-LLZO is cubic

but shows pyrochlore impurity peaks (marked with *), likely to be due to a low initial

amount of Li in combinationwith the high temperature sintering conditions -whichmight

favour some volatilisation of Li, resulting in the formation of La2Zr2O7. The compositions

Ge0.30-LLZO and Ge0.50-LLZO were also tested, producing XRD patterns containing a

large number of impurities, dominated by La2Zr2O7 phase (see Appendix A.1, Figure

A.2). For this reason, Ge0.10-LLZO was chosen as the target composition for further

characterisation.

Inductively Coupled Plasma – Optical Emission Spectroscopy

Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) was used to test

the stoichiometry of Ge-doped LLZO, in particular to check the true content of Ge and

test for the presence of Al from the crucibles. The surface of the pellet samples were

abraded before analysis to remove surface layers, before preparing solutions as described
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in Chapter 4, Section 4.5. It should be noted that the technique does not discriminate

between grain and grain boundary compositions.

Table 5.3: ICP-OES measured atomic concentrations for Ge-LLZO pellets with different

nominal compositions.

Composition
(nominal)

Li
a.p.f.u.

Ge
a.p.f.u.

Al
a.p.f.u.

Zr
a.p.f.u.

La
(fixed)
a.p.f.u.

Ge+Al
a.p.f.u.

Theoretical
Li a.p.f.u.
(from
Ge+Al
content)

Ge0.15-LLZO

(Li6.4Ge0.15La3Zr2O12)

6.31 0.12 0 2.01 3 0.12 6.52

Ge0.10-LLZO

(Li6.6Ge0.10La3Zr2O12)

6.84 0.05 0.03 2.05 3 0.08 6.71

Ge0.05-LLZO

(Li6.8Ge0.05La3Zr2O12)

6.92 0.02 0.13 2.05 3 0.15 6.53

Undoped LLZO (Al2O3

crucible)

8.17 0 0.16 2.01 3 0.16 6.52

Table 5.3 shows the measured atomic concentrations given as atoms per formula unit

for the three Ge-LLZO pellet compositions, as well as an undoped LLZO sample which

formed a cubic-tetragonal mixed phase and was sintered in an alumina crucible (its XRD

pattern is shown in the Appendix A.5.3, Figure A.8a). It can be seen that Ge is present

at levels slightly lower than expected from the nominal stoichiometries of the starting

materials (final column), perhaps due to the high temperature conditions resulting in

someGe volatilisation. Additionally, the Al and Ge exhibit a cooperative effect, in that the

aluminium content varies inversely with Ge content, which might be expected if they are

competing for the same substitution sites in the lattice as a result of their similar radii, and

are both acting to stabilise the cubic structure of the material. The Li content calculated

from the total Ge+Al concentration, assuming substitution at the Li sublattice, is not the

same as the measured content, implying that the dopants are not solely present in the

LLZO lattice (but likely also to be found in the grain boundaries).

In the undoped LLZO, whichwas not fully stabilised in the cubic phase, the Li content

is correspondingly high (8.17 a.p.f.u.), and the Al content therefore likely corresponds to

an amount distributed across both grains and grain boundaries introduced from the

crucible (as, despite its high concentration, the amount of Al measured in the pellet was

not sufficient for cubic stabilisation of the garnet lattice).

5.2.2 Conductivity Measurements

Conductivity measurements of Ge-LLZO were made using electrochemical impedance

spectroscopy (EIS) with sputtered Au blocking electrodes to create a symmetrical cell

measured over the frequency range 13MHz to 0.1Hz (see Chapter 4 Section 4.7.1). The
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Figure 5.10: Nyquist plots of Ge0.15-, Ge0.10-, Ge0.05- and undoped LLZO pellets with

symmetrical Au electrodes measured at room temperature across the frequency range

13MHz to 0.1Hz.

spectra (Figure 5.10) show a high frequency semicircle followed by a low frequency

contribution coming from the highly resistive electrodes. The electrodes are not purely

Li
+
blocking (i.e. they have an associated resistance), probably due to a degree of Au-Li

alloying and secondary phases at the interface which may have formed during the air

exposure to and from the sputtering process. The presence of an additional arc due to

grain boundaries or interface effects is not clearly seen by eye in the spectra, and may be

hidden in the electrode response. To quantify the spectra, combinations of a resistor in

parallel with a constant phase element (denoted R//CPE) are used, with a high frequency

inductance L (on the order 10
−6

H) and an internal resistance Rint fixed at 5W (measured

with a blank, or ’shorted’ cell) in series. First, fitting the high frequency semicircle to a

single R1//CPE1 component (and the low frequency tail to R2//CPE2) gave a fit shown

in Figure 5.11 and with the fitted data described in Table 5.4.

The conductivity σ corresponding to the high frequency component was calculated

from the resistance R using Equation 5.4, where l is the electrolyte thickness and A is the

electrode area.

σ �
l

RA
(5.4)

The capacitance is calculated from the constant phase element fit, CPE, as discussed

in Chapter 4, Section 4.7.1, where:

ZCPE �
1

Q(iω)n (5.5)

Here, ω is the angular frequency, n is the description of non-ideality (given as CPE-P

in Z-View software [242]), Q is the non-ideal capacitance (given as CPE-T in Z-View

software), and C is found from Equation 5.6 [257]:
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(a) (b)

(c) (d)

Figure 5.11: Nyquist plots for the room temperature impedance spectra of Ge-LLZO and

undoped LLZO electrolytes with Au symmetrical electrodes, with a fitting of the high

frequency arc using a single R1//CPE1 component (using the equivalent circuit shown,

inset); the low frequency tail is not fitted in undoped-LLZO.
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Table 5.4: Calculated values of conductivity σ, capacitance C and relative permittivity

εr from the high-frequency component fit to a single R1//CPE1 element in the Nyquist

plots (Figure 5.11), taken at 25
◦
C. l is the pellet thickness, A is the area of the electrode,

n is the non-ideality factor for capacitance.

Ge0.05-LLZO Ge0.10-LLZO Ge0.15-LLZO Undoped
LLZO

R [W] 17236 1149 4747 16973

σ [S cm−1] 2.9x10
−5

2.8x10
−4

8.1x10
−5

3.8x10
−5

CPE [F sn−1] 3.5x10
−11

2.3x10
−10

1.3x10
−10

5.2x10
−11

n 0.92 0.86 0.87 0.89

C [F] 2.0x10
−11

1.8x10
−11

1.4x10
−11

8.9x10
−12

C x l/A [F cm−1] 7.8x10
−12

5.9x10
−12

5.5x10
−12

5.7x10
−12

εr 88 66 62 64

C � (R1−nQ)1/n (5.6)

The relative permittivity, εr , is calculated from the capacitance C by Equation 5.7, where

ε0 is the vacuum permittivity (8.854 × 10−14
F cm

−1
) [258]:

εr �
Cl

Aε0

(5.7)

In the case of Ge0.10-LLZO, the high frequency component fitted to a single

R1//CPE1 element gives a capacitance of 1.8 × 10−11
F, and an εr of 66. For the undoped

sample, which contained 0.16 Al a.p.f.u. as measured by ICP, and stabilised in mixed

cubic-tetragonal symmetry, has a corresponding C of 8.9 × 10−12
F, and an εr of 64. All

the compositions tested had similar values of capacitance and relative permittivity. A

realistic value for the bulk permittivity of an oxide is between 50-80 as reported in the

literature [113, 259, 260], with a capacitance typically in the pF range [239]. As such,

the calculated values for the high frequency arcs agree with a bulk process. However, a

grain boundary contribution is expected to also exist; for this reason, the high frequency

semicircle was then fitted with two R//CPE parallel circuits, R1//CPE1 and R2//CPE2,

tentatively representing bulk and grain boundary contributions. Figure 5.12 and Table

5.5 summarise these fits.

The fitting of R2//CPE2 for Ge0.10- and Ge0.15-LLZO yield capacitances of

4.6 × 10−10
F and 4.2 × 10−10

F, respectively. In the undoped LLZO sample, the capacitance

is 3.0 × 10−9
F. These three values sit within the range expected for a grain boundary

process. In Ge0.05-LLZO, the R2//CPE2 fit gives C � 8.0 × 10−11
F, implying that the

two high frequency processes are less well defined, creating difficulty in the fit. This

might be because the bulk resistance is expected to be higher in this composition. A

meaningful fit of the mid-frequency region of the spectra is non-trivial, making it difficult
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(a) (b)

(c) (d)

Figure 5.12: Nyquist plots for the room temperature impedance spectra of Ge-LLZO and

undoped LLZO electrolytes with Au symmetrical electrodes, with a fitting of the high

frequency arc using two R//CPE components (using the equivalent circuit shown, inset).

to confirm that its origin is from a high-resistance grain boundary. It may be that in the

lower resistance R1 (bulk) samples (i.e. Ge0.10-LLZO), the wiring inductance has a more

significant effect on distorting the data, and the high-frequency end of the arcs are lost at

room temperature, making fitting difficult, even with the introduction of an inductance

element in the equivalent circuit. Nevertheless, the geometry-corrected C1 and εr1 values

for Ge0.10-LLZO are in agreement with a bulk effect and the associated bulk conductivity,

σ1 (i.e. σbulk) is 3.4 × 10−4
S cm

−1
, which an order of magnitude lower than the highest

reported bulk conductivities for garnets (> 1mS cm
−1
). It is also possible that the gold

electrode response masks the mid-frequency component, making fitting difficult.

Later in this thesis (Chapter 6 Section 6.3), low temperature (< 0
◦
C) EIS of

Ga0.15-LLZO ismeasured, allowingbetter separationof high- andmid-frequency features

for further analysis. Thickness experiments were carried out and confirmed the existence

of the mid-frequency semicircle in Ga0.15-LLZO that changes as a function of thickness,

suggesting a grain boundary (or chargedouble layer), rather than surface/interface, origin

of the mid-frequency feature.

Owing to these complications of fitting the impedance data, the low-frequency

component is preferentially treated as a single R//CPE element here, giving a total

conductivity calculated from the resistance (Table 5.4).
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Table 5.5: Calculated values of conductivity σ, capacitance C and relative permittivity

εr from the high-frequency component fit to two R//CPE elements in the Nyquist plots

(Figure 5.12), taken at 25
◦
C. l is the pellet thickness, A is the area of the electrode and n

is the non-ideality factor for capacitance.

Ge0.05-LLZO Ge0.10-LLZO Ge0.15-LLZO Undoped
LLZO

R1 [W] 16723 937.3 4700 15786

σ1 [S cm−1] 3.0x10
−5

3.4x10
−4

8.1x10
−5

4.1x10
−5

CPE1 [F sn−1] 3.4x10
−11

2.3x10
−11

1.2x10
−10

3.9x10
−11

n1 0.93 0.98 0.87 0.91

C1 [F] 1.1x10
−11

1.7x10
−11

1.5x10
−11

9.0x10
−12

C1 x l/A [F cm−1] 5.3x10
−12

5.5x10
−12

5.6x10
−12

5.8x10
−12

εr1 60 62 63 65

R2 [W] 509.5 198 45.8 6014

σ2 [S cm−1] 9.9x10
−4

1.6x10
−3

8.4x10
−3

1.1x10
−4

CPE2 [F sn−1] 1.4x10
−11

2.7x10
−11

1.5x10
−13

3.9x10
−7

n2 1.1 1.2 1.4 0.55

C2 [F] 8.0x10
−11

4.6x10
−10

4.2x10
−10

3.0x10
−9

Symmetric Li/Ge0.10-LLZO/Li Cell Impedance

The measurement of Li/Ge0.10-LLZO/Li symmetric cell impedance, using the same

pellet as measured with gold electrodes, is shown in Figure 5.13 and the fit summarised

in Table 5.6. The high- and mid-frequency components seen in the Au electrode cell,

found at frequencies above 0.5MHz, are just visible and are fitted to a single R1//CPE1

element, representing a combined bulk+grain boundary contribution, as discussed in the

previous section. In addition, a low frequency semicircle is seen due to the interface with

lithium electrodes is seen and fitted to R2//CPE2.

The obtained total conductivity from the high frequency arc fit is approximately one

order of magnitude lower here than with Au electrodes. It is possible that poor Li contact

results in changes to the apparent Rbulk, RGB and interfacial resistance.

For example, the area specific resistance of the low frequency arc (R2//CPE2) with Li

electrodes in Figures 5.13a and 5.13b is 0.8MW cm
2
, which is much larger than reported

values for Li/LLZO interfaces. It is unclear whether this is caused solely by the poor

contact with Li metal, or whether there are additional resistive contributions from i.e.

grain boundaries (and possibly also space-charge layers), which are more resistive here

than in Ga0.15-LLZO and Al0.15-LLZO (seen in Chapters 6 and 8).

Furthermore, the area-specific capacitance (C2/A) for the large, low frequency

R2//CPE2 component determined from Equation 5.6 and normalised with respect to
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(a) (b)

(c)

Figure 5.13: Nyquist plots of a symmetric cell of Ge0.10-LLZO sandwiched between (a

and b) lithium electrodes with the fit line using two R//CPE elements (inset equivalent

circuit), with an expanded frequency range view shown as an inset. (c) Comparison of

Au and Li symmetrical electrode cells at high frequencies; measured between 20MHz

and 1Hz frequency (13MHz and 1Hz for the Au electrode cell).

electrode area is 3.1 × 10−9
F cm

−2
, which is low for a Li metal-electrolyte interface

compared to the literature (typically below 10
−8

F cm
−2

[173]) and compared to

Ga0.15-LLZO measured in Chapter 6 (which has a charge transfer capacitance of the

order 10
−5

F cm
−2
). Further impedance measurements and analysis are needed to better

understand these processes, and this work should be viewed as a preliminary analysis.

5.2.3 Microstructural Analysis

To attempt to understand better the impedance spectra seen with Ge-LLZO, the pellet

morphology, phases and microstructure are investigated using imaging techniques.

Optical and secondary electron images of Ge0.10-LLZO pellets, which have been

thermally etched at 900
◦
C to reveal the microstructure, show large, well connected grains

- in some cases larger than 100µm in diameter - and bimodally distributed (Figure 5.14).

These grains are much larger than those found in Al0.15-LLZO and Ga0.15-LLZO made

under the same conditions. Multiple Li2O-GeO2 eutectics are reported to exist below

the sintering temperature [261], similar to that with Al2O3 (in which there is a single

eutectic below 1150
◦
C), which may explain this observation and suggest liquid phase
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Table 5.6: Calculated values of conductivity σ, capacitance C and relative permittivity εr
from the high- and low-frequency component fits of Li/Ge0.10-LLZO/Li cell impedance

spectra (Figure 5.13), taken at 25
◦
C. l is the pellet thickness, A is the area of the electrode

and n is the non-ideality factor for capacitance.

Li/Ge0.10-LLZO/Li

R1 [W] 6707 R2 [W] 5.0x10
5

σ1 [S cm−1] 4.4x10
−5 σ2 [S cm−1] 5.8x10

−7

CPE1 [F sn−1] 1.1x10
−9 CPE2 [F sn−1] 3.9x10

−9

n1 0.78 n2 0.83

C1 [F] 3.8x10
−11 C2 [F] 1.1x10

−9

C1 x l/A [F cm−1] 1.1x10
−11 C2 / A [F cm−2] 3.1x10

−9

εr1 126 R2 x A/2 [W cm2] 8.0x10
5

sintering is involved, aiding grain growth. No visible pores can be seen in the grains and

the geometrically-calculated relative density is 98%, using the lattice parameters from

Rietveld refinement [206] of the neutron diffraction data (Section 5.2.4).

Chemical analysis using time of flight (TOF)-SIMS mapping showed a distribution of

Ge homogeneously across the grains (Figure 5.15), with a slight enrichment at the grain

boundaries (which are also enriched in O and Li, supporting the proposal of a liquid

phase Li2O-GeO2 eutectic forming during the sintering process.

5.2.4 Site Preference of Germanium

Following first principles predictions of Miara et al. [155] that Ge
4+

has a preferential

defect energy for substitution at the Zr site in LLZO, an attempt was made to target this

site for doping by controlling the stoichiometry of the starting materials. The resulting

materialwas not stabilised in the cubic phase (as indicated by the double peaks in the XRD

pattern indicative of the tetragonal I41/acd structure), and contained impurity phases that

included La2Zr2O7 and GeO2 (see XRD pattern, Appendix A.1, Figure A.3).

Neutron Diffraction of Ge0.10-LLZO

Rietveld refinement of the neutron powder diffraction pattern (ND) of Ge0.10-LLZO

containing a small amount of La2Zr2O7 impurity shown in Figure 5.16 and Table 5.7

suggested that the Ge
4+

substitutes for Li
+
at the 24d tetrahedral site, giving a best fit for

this site when the concentration was fixed at 0.10 Ge a.p.f.u. The germaniumwas allowed

to be refined at both Li1 and Li2 sites, but led to a preferential occupancy of the Li1 (24d)
site only. Refining at the Zr site yielded unfavourable occupancies of Zr andGe (too high),

and preferential occupancy of the Li1 site when it was allowed to be refined together with

the Zr site for Ge occupancy. The corresponding XRD pattern is shown in Appendix A.1,

Figure A.4.
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(a) (b)

(c) (d)

Figure 5.14: Images of Ge0.10-LLZO pellets, thermally etched at 900
◦
C. (a) Optical

microscope image polished to a 1µm roughness finish and etched; (b) cross-sectional

and (c and d) surface secondary electron images taken at 5 kV accelerating voltage.

Figure 5.15: TOF-SIMS maps of the surface of a Ge0.10-LLZO pellet, showing
74
Ge
−
,

7
Li
−
,

16
O
−
secondary ion maps and an overlay of

74
Ge
−
,

155
(LaO)

−
and

7
Li
−
species.

Maps were taken with a Bi
+
primary ion beam (25 kV, 0.2 pA) and a Cs

+
sputter gun

(1 kV, 64 nA) operated in non-interlaced burst alignment mode (using a 1s:1s:1s

sputter:wait:analyse cycle).
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Figure 5.16: Neutron powder diffraction pattern with Rietveld refinement, showing

observed, calculated and difference (obs-calc) patterns fitting to Ia ¯
3d space group and

pyrochlore La2Zr2O7 impurity (space group Fd ¯
3m), occupying 5.79wt% of the total

(with the Bragg reflections shown as short vertical lines).

Table 5.7: Neutron powder diffraction data of Ge0.10-LLZO determined by Rietveld

refinement. Space group: Ia ¯
3d (no. 230); lattice parameter: a � b � c �

12.963 57 ± 0.000 13Å. R-factors: R � 7.91, χ2 � 12.9. Biso is the isotropic atomic

displacement parameter; the constraint on this parameter is such that Biso(Li1)� Biso(Ge).

The density of the Ge0.10-LLZO powder phase is refined as 5.143 g cm
−3
.

Species Site x/a, y/b, z/c Biso Occupancy

Li1 24d 0.375, 0, 0.25 2.58(5) 2.83(2)

Li2 96h
0.0997(2),

0.6865(2),

0.5770(2)

0.500 3.78(2)

La 24c 0.125, 0, 0.25 0.748(6) 3.000

Zr 16a 0, 0, 0 0.724(6) 2.000

Ge 24d 0.375, 0, 0.25 2.58(5) 0.100

O 96h
-0.03226(2),

0.05363(2),

0.14945(2)

1.142(6) 12.000

The EIS andND findings support the view that occupancy of 24d Li sites by aliovalent

dopants (as seen with Al
3+

and in some literature reports, Ga
3+
) can enhance the lithium

conductivity of LLZO.Using the higher valent dopantGe
4+

enables the stabilisation of the

cubic phase with a lower dopant content than when cations with lower oxidation states

are used. However, Ge0.10-LLZO is not able to provide the highest values of conductivity
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reported for some Ga-LLZO compositions, suggesting site blocking arguments on the

lithium sub-lattice do not tell the whole story. Further verification of Ge site occupancy

through other techniques, such as
73
Ge nuclear magnetic resonance (NMR), would be

useful here to confirm; however this NMR active nucleus has a low natural abundance

(7.8 %) a small gyromagnetic ratio and spin 9/2, making lineshape analysis potentially

tricky.

5.2.5 Oxidation State of Germanium

X-ray photoelectron spectroscopy was used to verify the oxidation state of Ge in

Ge0.10-LLZO. Figure 5.17 shows Al 2p and Ge 2p core spectra comparisons for

Ge0.10-LLZO sintered in oxygen and argon atmospheres, to provide a comparison of

oxidising and slightly reducing sintering conditions, and Al0.15-LLZO sintered in argon.

The samples were transferred using a glove box module to prevent air exposure and all

measurements and data treatment were made by Dr Anna Regoutz at Imperial College

London.

Small Ge 2p peaks at about 1219 eV confirm the presence of Ge in Ge0.10-LLZO;

these are superimposed on a broad C Auger feature so are difficult to fit for accurate

quantification, but their position in both samples can be ascribed to a Ge(IV) oxidation

state (not Ge(II) or metallic Ge, which would occur at lower and higher binding energies,

respectively). Additionally, no appreciable Al 2p peak can be seen.

5.2.6 Redox Stability Measured by Cyclic Voltammetry

To check the electrochemical stability of Ge0.10-LLZO, and to ensure the Ge
4+

is redox

stable against Li metal electrodes across an operational voltage range, cyclic voltammetry

was performed on a cell using Li metal electrodes (Figure 5.18). The voltage range

was −0.5V to 4V vs. Li
+
/Li, with a scan rate of 10mVs

−1
. A set of lithium stripping

(positive current) and deposition (negative current) peaks are seen either side of the 0V

point, but no other redox peaks can be seen at higher voltages, indicating the stability of

Ge0.10-LLZOagainst redox processes in the presence of Limetal and a lack of degradation

reactions involving Li
+
ions.

5.3 Summary

This chapter explored the synthesis and processing parameters of doped LLZO garnets,

and studied the feasibility of using germanium as a supervalent dopant at the lithium

sublattice.

A number of steps were taken to optimise the synthesis conditions, by varying the

atmosphere, temperature and duration of high temperature treatments of the LLZO

powders and pellets. It was found that the optimal conditions for phase pure, dense

garnets were thermal treatment at 800
◦
C in dry flowing oxygen for 6 hours to obtain

the cubic powder, followed by sintering the pellets at 1150
◦
C for 6 hours in an argon

atmosphere, with all processing steps carried out in a glove box to prevent reaction with
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(a)

(b)

Figure 5.17: XPS Al 2p and Ge 2p core spectra of Al0.15-LLZO and Ge0.10-LLZO pellet

samples, sintered in both oxygen and argon. All peak binding energies are referenced to

the C-C adventitious carbon peak at 285 eV and peak intensities are normalised to the La

peak for each sample.

Figure 5.18: Cyclic voltammogram of a Li/Ge0.10-LLZO/Li cell at a scan rate of

10mVs
−1

in the potential range from −0.5V to 4V vs. Li
+
/Li.
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moisture. ThepresenceofLi2ZrO3 andLa2Zr2O7 impuritieswere commonly encountered,

illustrating the need to control well the starting material stoichiometry to obtain the

metastable LLZO cubic phase desired. Bimodal particle sizes in the powders were

obtained using these conditions, which led to tightly packed grains with bimodal size

distribution in the dense LLZO pellets. Sometimes coloured pellets were obtained, and

it is suggested that the creation of colour centres under the reducing argon atmosphere

sintering conditions may be the cause, resulting in the formation of lithium and oxygen

vacancies. This was not explored further here. Finally, the effect of the crucible used

during sintering was investigated - providing evidence of the mobile nature of Al
3+
,

Ga
3+

(as well as Li
+
, indirectly) in the LLZO pellets during high temperature treatment.

Evidence of the formation of an Al2O3-Li2O eutectic was seen, and the influence of

alumina crucibles in providing a source of Al
3+

was confirmed.

Germanium was shown to be effective as a dopant in stabilising the cubic phase and

providing an enhancement in conductivity (up to 3.4 × 10−4
S cm

−1
at room temperature

for the Ge0.10-LLZO composition). ICP showed a cooperative effect between Al and

Ge cations in entering the Ge-LLZO pellets. Ge was shown to be present as Ge
4+

and

produced a Ge-LLZO electrolyte cell which is redox stable against lithium metal under

an operational voltage range. Neutron diffraction refinement suggests that Ge substitutes

at the Li 24d site, in similarity to Al
3+

reported in Al-LLZO.

5.4 Suggested Future Work

A method for imaging the atomic arrangement in LLZO using STEM was developed,

allowing challenging sample damaging effects to be overcome, but Li and lighter elements

could not be resolved, even with high resolution aberration-corrected setup. Further

work would include imaging lamella samples of LLZO, and to study interfaces and grain

boundaries on an atomically-resolved scale, in addition to studying the oxygen vacancies.

Germanium doped LLZO is not the most promising composition in terms of ionic

conductivity, but may be interesting to study further with regards to its electrochemical

cyclability (see Chapter 8) trends, in particular regarding the composition of its grain

boundaries.
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Chapter 6

Moisture-Induced Degradation in
Li7La3Zr2O12

This chapter contains results and discussion of several investigations into the sensitivity

towards moisture of doped Li7La3Zr2O12 (LLZO). A method to induce proton-lithium

(H
+
/Li

+
) exchange using liquid H2O in powder and pellet samples is introduced,

and various characterisation techniques are described - nuclear magnetic resonance

(NMR), inductively coupled plasma – optical emission spectroscopy (ICP-OES) and X-ray

diffraction (XRD) to assess the effect of H
+
/Li

+
exchange on structure and Li content.

Additionally, diffusion coefficients for chemical and tracer diffusion of protons are found

using a depth-profiling method with secondary ion mass spectrometry (SIMS) and an

isotopic exchange route using isotopically-labelled D2O. The effect of the proton exchange

on the transport properties including conductivity and polarisation resistance of the

pellets using electrochemical impedance spectroscopy (EIS) analysis is discussed.

Finally, the phenomenon of corrosion layer formation of LiOH and Li2CO3 on the

surface of the LLZO pellets is explored, which is analysed using different surface analysis

techniques for different probing depths: X-ray photoelectron spectroscopy (XPS), low

energy ion scattering (LEIS), and SIMS.

The water-garnet interaction is important to understand from a fundamental

perspective, in particular with regards to the effect on bulk and interfacial transport

properties in all-solid-state systems- but it is also of interest to assess the suitability of the

garnet electrolyte to be used in aqueous battery systems as a separator (and also in Li-O2 or

Li-CO2 systemswith an air cathode), and tounderstand the stability in air duringhandling

and operation. Aqueous batteries offer several advantages over organic electrolyte-based

cells including low cost, reliability, and the ability to be used at with air-cathode in Li-O2

cells (owing to their stability in air) [77]. Aqueous liquid electrolytes typically have a

higher lithium ion conductivity than their non-aqueous alternatives and do not suffer

from the flammability issues associated with using an organic liquid electrolyte. The use

of a ’mediator-ion’ solid electrolyte in such aqueous systems could enable the separation

of catholyte and anolyte components whilst allowing selective alkali-metal-ion transport.

If successful, this would circumvent problems associated with aqueous batteries in which

soluble intermediates are formed and lead to chemical crossover between anode and
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cathode, resulting in self-discharge, poor efficiency and the evolution of H2 and O2

gas (resulting from degradation of H2O and the electrodes). An understanding of the

transport properties of the proton-exchanged material could also enable us to test the

ability of the garnet to act as a mixed proton and lithium conductor.

6.1 H2O Reactivity of LLZO Powder

In the first set of experiments, powder samples were exposed to moisture-rich

environments in the form of liquid H2O at room temperature (RT) and at 100
◦
C, to

promote a bulk exchange of H
+
and Li

+
in the material. It was noted by a simple pH

paper test that after 30 minutes RT immersion in H2O, the pH increased from 7 to 8. XRD

was used to determine the crystallographic phase of the resulting exchanged powders.

Proton and lithium NMR were used to probe the local environment of the Li
+
and H

+

ions and to determine their mobility in the bulk material.

6.1.1 Powder Characterisation

Powder samples of nominal composition Ga0.15Li6.55La3Zr2O12 (Ga0.15-LLZO), with

particle size 2 to 20µm, were mixed with high purity deionised water (resistance

18.2MW cm at 20
◦
C) with a 1:40 wt% LLZO:H2O ratio and left stirring for 20 hours

at both RT and 100
◦
C. The samples were filtered through filter paper, rinsed with fresh

H2O to remove soluble LiOH, then dried in an oven at 100
◦
Cbefore final drying in a Buchi

oven under argon. XRD patterns were taken of the milled powder before and after the

treatments, using Kapton tape to protect them from the atmosphere duringmeasurement

(Figure 6.1).

The XRD patterns were refined by the Rietveld pattern refinement method [206]

(Figure 6.2), but the occupancies of the atoms are fixed in their theoretical positions with

no vacancies (with Ga in the tetrahedral 24d Li site, and Li occupying 2.8 24d sites and

3.6 96h sites per formula unit in all cases), as we cannot refine the atomic positions of Li

or H using XRD and the quality of the data is insufficient to resolve O atomic positions

and vacancies. The goodness of fit parameter, χ2
(see Chapter 4, Section 4.2.3 for details)

is large, owing mainly to the difficulty of fitting the raised background profile from the

Kapton tape, with the small peaks lost in the noisy background at low intensities. The

possibility of a symmetry change to a noncentrosymmetric I ¯
43d space group, as suggested

by other groups [159], is not verifiable under the limitations of the quality of the diffraction

data here.

The lattice parameter for cubic LLZO (Ia ¯
3d space group) in the pristine powder is

refined as 12.9879(5) Å and for the RT H2O-immersed powder is 12.985(4) Å, indicating

a negligible change in lattice parameter during proton-lithium exchange under these

conditions. However, in the 100
◦
C H2O sample, the lattice parameter increases slightly

to 13.031(4) Å. Likewise, in the pellet exchange experiment, in Section 6.2, the lattice

parameter increases from 12.9739(6) Å in the pristine pellet to 12.995(1) Å in a pellet

immersed in 100
◦
C H2O for 30 minutes (H2O/30). This increase in lattice parameter in
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Figure 6.1: Powder XRD patterns before (pristine), and after H2O reaction of

Ga0.15-LLZO at room temperature (RT) and 100
◦
C. The samples were measured under

Kapton tape, with the background subtracted here. * indicates La2Zr2O7 peaks.

the 100
◦
C H2O-immersed powder indicates a high degree of protonation of the sample

and is reported by other groups as being due to the replacement of strong Li-O bonds

with weaker O-H—O bonds [124, 164].

The pristine and RT H2O-immersed powders have a slight Li2ZrO3 impurity (space

group C12/c1), which is found to occupy 3.7wt% in the pristine and 3.6wt% in the RT

H2O powders. It would be expected that the 100
◦
C H2O-immersed powder would also

contain this impurity, but owing to a noisy background in the XRDpattern, fitting the data

with this impurity was not possible and yielded a poor fit. Additionally, the presence of

pyrochlore La2Zr2O7 (space group Fd ¯
3m) is clearly found only in the RT H2O-immersed

powder sample (5.5wt%).

The formation of La2Zr2O7 is usually associated with Li loss in LLZO, so it might be

expected that in the RT sample a net loss of lithium occurs, which is not compensated

for by the insertion of protons into the lattice. Perhaps at this lower temperature much

lower mobilities of the Li
+
and H

+
ions exist, which limits the ability for protons to enter

the garnet lattice, or that LiOH forms immediately upon Li ions leaving the garnet lattice

- and is not dissolved quickly enough for the LLZO particles to be free for H
+
exchange

and incorporation, resulting in a net decrease in total (Li + H) content. Accordingly, no

pyrochlore impurity is found in the 100
◦
C H2O-immersed powder sample, which might

indicate a greater ease of overcoming this potential barrier for proton insertion at this

higher temperature. Several reports in the literature describe a number of proton insertion

regimes in garnets which vary with temperature [118, 159], ascribing the differences in

phase formation as being due to temperature-dependent Li and H dynamics.

ICP analysis was performed on Al-LLZO powders which were allowed to undergo

proton-lithium exchange in H2O at 100
◦
C. The Al content was found to be 0.09 atoms per
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(a) (b)

(c)

Figure 6.2: Rietveld refinements of powder XRD patterns before and after H2O reaction

of Ga0.15-LLZO, at room temperature (RT) and 100
◦
C. Figure shows powder XRD

patterns measured under Kapton tape on a Panalytical instrument, showing the raised

background from the polymer tape. (a) Pristine Ga0.15-LLZO powder, fitted with the

cubic Ia ¯
3d space group and Li2ZrO3 (C12/c1 space group); (b) Ga0.15-LLZO powder

immersed in 100
◦
C H2O; (c) Ga-LLZO powder immersed in RT H2O, fitted with an

additional impurity phase, La2Zr2O7 (Fd ¯
3m space group). The goodness of fit for the

whole profile, χ2
and the intensity-based R-factors (RBragg) for each phase are given.

formula unit (a.p.f.u.), and the corresponding Li contentwasmeasured as 5.38 a.p.f.u. The

theoretical Li content for themeasuredAl dopant concentration (assuming substitution at

the Li position) is 6.73 a.p.f.u. Hence, the difference in Li content (1.35 a.p.f.u.) might be

assumed to be due to H
+
insertion during the exchange process, giving the composition

Li5.38H1.35Al0.09La3Zr2O12, if constant oxygen stoichiometry is assumed. This corresponds

to 20% of Li removed during exchange. Nyman et al. [160] found a 20% Li loss after

30 minutes room temperature exchange in Li5La3Ta2O12 powder, whereas Ma et al. [164]
found a 64% exchange in Al-LLZO powder in H2O. It is expected that the extent of

H
+
/Li

+
exchange in powdered LLZO under these conditions will be greater than in the

pellet samples (Section 6.2), owing to the larger surface area available for exchange to

occur.
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Figure 6.3:
1
HNMR spectra of protonated powder Ga0.15-LLZO samples (100

◦
C and RT

H2O exchange). A, B, C and D indicate different chemical shift δ environments: B is a

96h Li site, C a 24d Li site, D is possibly grease or dirt. The intensity I is divided by the

mass of sample m, on the y-axis.

6.1.2 Nuclear Magnetic Resonance

1
HNMRwasmeasuredon thewater-exchangedpowderGa0.15-LLZOsamples (following

both RT and 100
◦
C H2O exchanges) to probe the proton chemical environments in each

case. Temperature-dependent relaxation timemeasurements (pulsedfield gradientNMR)

of the protonated samples were also attempted; all NMR measurements here were made

by Steffen Emge in Professor Clare Grey’s group at Cambridge University. Difficulty with

short relaxation times and thus low signal intensity made
1
H NMR difficult to interpret;

however, as seen in the
1
H spectra in Figure 6.3, there is a clear difference between the

RT and 100
◦
C protonated samples, in terms of the intensities of the peaks at different

chemical shifts, δ.

The relative intensities and sharpness of each peak differs for the two samples (see

Table 6.1 for the normalised intensities). The two sharppeaks seen in the 100
◦
Cexchanged

sample correspond to intercalated protons, tentatively assigned to 96h and 24d Li sites for

the labelled peaks B and C, respectively. The most intense peak is associated with the 96h
site, which is in agreement with literature suggesting a preference for protons to exchange

with these Li sites [157, 159]. The chemical shift marked A in Figure 6.3 at 4.65 ppm is

close to that of water, so could correspond to adsorbed water in the sample, which is the

most populated
1
H region in the room temperature protonated powder, suggesting that

most of the protons present in the sample are not intercalated in the lattice. This agrees

with earlier observations of pyrochlore phases in the room-temperature treated samples

and an unchanged lattice parameter after treatment, indicating minimal proton-lithium

exchange (see Section 6.1.1).

The pulsed field gradient (PFG) NMR (Figure 6.4) shows no visible decay of the
7
Li

signal, which indicates that the Limobility has decreased significantly to the extent where

it cannot be measured. The lower limit for the measurable diffusion coefficient under the

setup here is approximately 10
−14

to 10
−15

m
2
s

−1
. The Li diffusivity was measured using

PFG NMR on the pristine sample (see Chapter 7, Section 7.3.1) and found to be of the
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Table 6.1: Normalisedpeak intensities of chemical shiftsA toD in Figure 6.3 of
1
HNMRon

protonated powder Ga0.15-LLZO samples (100
◦
C and RT H2O exchange). The intensity

of the signal is divided by the mass of the sample, where the peak integral is normalised

against the peak with the lowest intensity in the spectrum.

A B C D

Chemical shift (ppm) 4.65 1.31 0.87 -0.04

Normalised intensities: RT 198.91 11.65 2.54 1

Normalised intensities:
100 ◦C 62.63 38.00 16.57 1.76

Figure 6.4:
1
H and

7
Li PFG NMR on 100

◦
C protonated Ga0.15-LLZO powder. The

’small signal’ data points correspond to a higher chemical shift peak of the inset PFG

static NMR spectrum (possibly adsorbed water), the ’large signal’ data points

correspond to a lower shift (possibly the sum of the intercalated protons).

order 10
−13

m
2
s

−1
, indicating a clear drop in mobility following proton exchange. The

1
H PFG NMR signals show decay processes, which we have attempted to fit to calculate

diffusion coefficients, with values the order of 10
−12

m
2
s

−1
(see Table A.1). This is several

orders ofmagnitude higher than the diffusivities calculated in the protonated pellets from

SIMS experiments (see later, Section 6.2). However, the NMR diffusion measurements on

the protons are complicated to analyse due to diffracted diffusion processes [66, 262] (see

Appendix A.2, Figure A.5), and thus should be interpreted with caution.

6.2 Proton Exchange and Diffusion in LLZO Pellets

These experiments were designed to reveal the chemical degradation processes involved

during proton-lithium exchange in LLZO pellets, focussing specifically on the formation

of a protonated garnet region, as separated from LiOH and Li2CO3 corrosion layer
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formation, through the removal of these water-soluble corrosion products during the

experimental process. This was verified by LEIS analysis of the surface of the washed

pellets (Section 6.4.1), which showed negligible surface LiOH. Pellets of LLZO were

immersed in a heated water bath and the chemical reactivity was investigated using

focussed ion beam (FIB)-SIMS depth-profiling. The transport properties of the degraded

pellets were tested using isotopic labelling followed by SIMS analysis (Section 6.2.5), as

well as impedance spectroscopy (Section 6.3).

6.2.1 Experimental Method

Ga0.15-LLZO pellets (nominal composition Li6.55Ga0.15La3Zr2O12), polished to 4000 grit

SiC paper were immersed in a liquid deionised water bath at 100
◦
C for 5, 15 and 30

minutes to study the proton-lithium exchange process and chemical diffusion of protons.

For the tracer diffusion experiments, these pre-treated H2O samples were dropped in

liquid D2O (99.9+% isotope fraction, Alfa Aesar) under the same temperature but with

a duration one fifth that of the pre-treatment in H2O, to favour a tracer-, not chemical

diffusionofD
+
[263]. After immersion in liquidH2Oand/orD2O, sampleswere quenched

to room temperature and dried under dynamic vacuum for 10 minutes in the glove box

antechamber before transferring to the glove box prior to FIB-SIMS and EIS analysis.

High temperature exchanges were considered more useful for studying the chemical

and tracer diffusion, as the samples could be hypothetically ‘quenched’ at RT (i.e.

during measurement) - reducing the motion of the ions (an effect which would be more

pronounced for larger values of activation energy, Ea). This was only an approximation,

as the true mobility of the protons at RT is not proven. Additionally, higher temperatures

enable acceleratedmoisture ageing, to increase the kinetics of the reaction and to promote

the formation of a large and ‘quantifiable’ degradation layer enabling us to probe

macroscopic effects with EIS. The exposure time was varied to determine the progress of

the exchange process product formation to different depths.

6.2.2 Sample Characterisation

Pellets of Ga0.15-LLZO of relative densities greater than 90% as calculated geometrically

and by Archimedes’ method were produced. The XRD pattern, taken of the pellet

whilst spinning (Figure 6.5a), shows a cubic phase, with space group Ia ¯
3d, and a

Li2ZrO3 impurity (15.2wt% at the near-surfacemeasured region as refined by the Rietveld

method).

Grain boundaries and grain morphology can be revealed on thermal treatment of

the pellet (thermal etching at 900
◦
C, see SEM image Figure 6.5b), showing a bimodal

distribution of grain sizes, some up to 20µm in diameter, others of the order of a few

micrometres. The grain boundaries appear to be composed of a secondary phase which

is expected to be amorphous as it is not detected by XRD, and are likely to be formed

as a result of liquid-phase sintering of the pellet, a process which has been discussed

previously (Chapter 4, Section 4.1.2 and Chapter 5, and the phase diagram in Figure 4.1)

[121, 168].
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By using small crater sizes (7µm by 7µm) in the FIB-SIMS instrument through

selected area analysis using secondary electron and ion imaging, areas within grains

of Ga0.15-LLZOwere selected for depth-profiling (verified after milling to check for grain

boundaries or inhomogeneities within the crater area), thus selectively following in-grain

diffusion, eliminating grain boundary and impurity contributions.

(a)

(b)

Figure 6.5: Pristine Ga0.15-LLZO pellet characterisation by XRD and SEM. (a) Pellet

XRD pattern of Ga0.15-LLZO showing Li2ZrO3 (C12/c1 space group) and cubic garnet

Ia ¯
3d phases refined using Rietveld fitting. The goodness of fit for the whole profile, χ2

and the intensity-based R-factors (RBragg) for each phase are given. (b) SEM secondary

electron image of thermally etched Ga0.15-LLZO showing bimodal grain distribution

and Li2ZrO3 impurity grains.

6.2.3 Focussed Ion Beam - Secondary Ion Mass Spectrometry

FIB-SIMS was used to image the samples and record mass spectra from the surface of

the materials, and used in depth-profiling mode to obtain chemical information as a

function of depth, detecting negative and positive secondary ion signals simultaneously.

Transfer of the pre-mounted samples was done by sealing the samples in a container in
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the glove box, and transferring to the SIMS chamber before immediately pumping down

to high vacuum (with a pressure less than 1 × 10−6
mbar). This meant that the samples

for analysis were exposed to ambient air for a matter of no more than a few minutes.

In the chemical diffusion and proton exchange experiments (H2O - only samples),

17
(OH)

−
and

1
H
−

secondary ions were used to characterise diffusion profiles as an

indicator of H
+

diffusion into the garnets. The higher mass species
17
(OH)

−
is

preferentially used in the data analysis on the basis of its higher intensity due to the nature

of the quadrupole FIB-SIMSdetector,which canhave interferences fromscattered ions and

stray electrons at the lower-mass end of the spectrum. The intensity ratio (
17
(OH)

−
/

16
O
−
)

enables the diffusant concentration of protons to be profiled since the yield of
16
O
−
in

the Ga0.15-LLZO matrix is expected to be constant. LaO
+
secondary ions were profiled

as a high intensity positive ion marker of the corresponding LLZO matrix species. To

correct for changes in sputter rate resulting from sputtering through modified layers in

the garnet, the positive ion intensities can be given as a ratio to the
69
Ga

+
secondary ion

intensity. The
69
Ga

+
signal comprises of contributions from both the primary ion beam

of the instrument (the main contributor) and the gallium dopant in Ga0.15-LLZO. This

was verified in a separate experiment in which an isotopically-pure (99%) source of
69
Ga

was used as the primary ion beam source, and Ga in Ga0.15-LLZO was monitored by

profiling the
71
Ga isotope (40% natural abundance), giving a

71
Ga

+/69
Ga

+
ratio of 0.02 in

LLZO.

Reference signals for all secondary ions recorded were established by collecting depth

profiles and mass spectra on a pristine Ga0.15-LLZO reference sample with each analysis

session using the same conditions. The ‘bulk’ non-protonated Ga0.15-LLZO region of

the water-treated samples (at the end of the depth profiles) were thus verified to have

H
−
and OH

−
secondary ion intensities below their reference levels in the pristine sample

and could be thus used as internal standards for unprotonated Ga0.15-LLZO within the

depth profiles.

6.2.4 H2O Reaction and Chemical Diffusion

The reaction of Ga0.15-LLZO with (atmospheric) H2O to form LiOH at the surface of the

material due to the brief exposure to ambient air during the transfer of the sample from

the glove box to the SIMS chamber, can be seen in the elevated counts for Li
+
, OH

−
and

H
−
secondary ions compared to the bulk (>0.1µm, where the secondary ion signals are

stable) in the SIMS depth profiles of the pristine pellet (Figures 6.6a and 6.6b). This is also

seen in the profiles of Li
+
/(Li

+
, bulk) and H

−
/(H

−
, bulk) for the pristine sample (Figure

6.6c), showing a flat profile after an initial elevated ratio at the surface. This is expected to

be absent in the samples measured with EIS, owing to the absence of air exposure during

cell setup and measurement.

Figure 6.7 shows the secondary electron and positive ion images of the pellets

following immersion in liquid H2O. It can be seen that pellets maintain their mechanical

integrity; however, areas which appear to be located along the grain boundaries appear

darker in the electron images, suggesting a lower secondary electron yield in these regions
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(a) (b)

(c)

Figure 6.6: FIB-SIMS depth profiles in pristine Ga0.15-LLZO; (a) positive secondary ions

7
Li

+
and

155
(LaO)

+
and

106
(ZrO)

+
with intensities I, divided by the intensity of

69
Ga

+

secondary ions; (b) negative ions
17
(OH)

−
and

1
H
−
intensities divided by the intensity of

16
O
−
secondary ions; (c)

7
Li

+
and

1
H
−
intensities, divided by the intensity in the bulk

(taken at end of depth profile). The crater size is 7µm by 7µm and the primary ion beam

current is 590 pA, giving a dose rate of 7.5x10
15

ions cm
−2

s
−1
.

after exposure towater. Thismay be due to a change in the composition of the Al2O3-Li2O

eutectic in the grain boundary regions on reaction with H2O [167]. This will be correlated

later (Section 6.3) to a three orders of magnitude increment of the resistance in the grain

boundaries upon reaction with H2O.

Figure 6.8 shows two surface secondary negative ionmass spectra of an area 100µmby

100µm on the pristine and 30 minutes H2O-immersion at 100
◦
C pellets (H2O/30).1 Both

pellets have a strong
16
O
−
peak associated with oxygen in the garnet structure, but the

pristine pellet has noticeable extra peaks associatedwith impurities indicated by
17
(OH)

−
,

12
C
−
and

13
(CH)

−
species in the mass spectrum which are likely to have been introduced

during the handling and sample transfer in air. As discussed previously, LiOH has been

reported to form on the surface of LLZO during air exposure, slowly transforming to

Li2CO3 [168]. LiOH is soluble in water, and given the large excess of H2O used during

pellet immersion for the exchange experiments, the LiOH product can be expected to be

1For brevity, future terminology such asH
2
O/30 is used to indicate ’after 30minutes of immersion inH

2
O

at 100
◦
C’; likewise H

2
O/30/D

2
O/6 means ’after 30 minutes of immersion in H

2
O followed by 6 minutes of

immersion in D
2
O at 100

◦
C’, in Section 6.2.5.
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Figure 6.7: Secondary electron (top row) and secondary positive ion (bottom row) images

of H2O-immersed Ga0.15-LLZO pellets at 100
◦
C for three different immersion times.

washed off in the H2O-exposed sample. Hence the appearance in particular of the OH
−

peak is more pronounced in the surface of the pristine sample than the water-bath sample

(the
17
(OH)

−
/

16
O
−
ratios for these samples are 0.60 and 0.18, respectively).

(a) (b)

Figure 6.8: Negative secondary ion mass spectra of (a) pristine and (b) H2O/30

Ga0.15-LLZO, taken with 500 pA primary ion beam current over an area 100µm by

100µm, giving a dose rate of 3.1x10
13

ions cm
−2

s
−1
.

On exposing the samples to liquid H2O at 100
◦
C, the in-grain FIB-SIMS depth profiles

show four regions of differing secondary ion intensity and behaviour (Figure 6.9 shows

the profiles for the 30 minutes H2O-immersed sample, ’H2O/30’). The first region, up

to about 0.15µm depth in the H2O/30 sample, can be described by high ion counts of

Li
+
, OH

−
and H

−
secondary ions. This first region is likely to be caused by the front of
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the H
+
/Li

+
exchange process and the formation of a thin corrosion layer of LiOH at the

surface, segregated during the transfer of the sample in air to the FIB-SIMS instrument.

The depth of this region is in reality unlikely to be 0.15µm, as it likely has a much lower

density and thus higher sputter rate than LLZO. The steady state regime for dynamic

SIMS (dose > 10
15

ions cm
−2
) should have been reached in this region (and from the

beginning of the sputter process), as a dose rate of 7.5x10
15

ions cm
−2

s
−1

is used.

The second region between 0.15µm and 1.35µm (total thickness 1.2µm) shows a

plateau in the intensity ratios of Li
+
, OH

−
and H

−
secondary ions indicating a region

of equilibrated H
+
concentration, in the form of a stable H-Ga0.15-LLZO phase. At the

edge of this region, at about 1µm depth, the Li
+
/(Li

+
, bulk) ratio starts to gently rise

with depth, Figure 6.9b, showing a diffusion profile of Li from the Ga0.15-LLZO into

the H-Ga0.15-LLZO region. This continues until about 2µm depth and is accompanied

by decreasing OH
−
and H

−
counts (Figures 6.9a and 6.9b). This observed behaviour is

ascribed to a chemical diffusion of protons into Ga0.15-LLZO. After 2µm, flat profiles

are seen for all species, indicating a region of unmodified, non-protonated Ga0.15-LLZO

(with approaching-background values for OH
−
and H

−
counts). A schematic diagram of

these regions is shown later in Figure 6.17, and depths for each region in each sample are

summarised in Table 6.2.

The H-Ga0.15-LLZO region between 0.15µm and 1.35µm, given the stoichiometry,

should not change. However, in this region, the LaO
+
secondary ion counts are lower

relative to the counts in the bulk Ga0.15-LLZO (Figure 6.9c). This does not necessarily

mean a lower concentration of La in the material, as the secondary ion yield during SIMS

depends on a number of factors outlined in the SIMS equation (see Chapter 4, Equation

4.22), including the ionisation factor of each species under the primary ion beam (which is

an unknown here and depends on thematrix behaviour), and the sputter rate. It might be

that these regions of lowerLaO
+
counts are altered regionswithdifferent ionisation (yield)

behaviour under the Ga
+
primary ion beam with respect to bulk Ga0.15-LLZO, which

would support the proposal that this region corresponds to an area of H-Ga0.15-LLZO.

The ZrO
+
/LaO

+
ratio shown in Figure 6.9c is stable with depth, indicating there is

not a change in stoichiometry of the garnet following H2O immersion associated with

the formation of the H-Ga0.15-LLZO phase, but rather the yield of ZrO
+
and LaO

+
is

suppressed by the presence of H.

The possibility of a secondary phase in the top 1 to 2µm of the H2O/30 sample can

also be ruled out by XRDpatterns of the pellets. The sampling depth of X-ray diffraction is

about 5µm, and the XRD pattern in Figure 6.10 shows no additional crystalline secondary

phases (although a slight background at low angles is present, likely caused by scattering

of X-rays by the pellet edge), confirming that the cubic garnet structure is maintained

following theH
+
/Li

+
exchange. This is in agreementwith previous reports of the stability

of the cubic Ia ¯
3d phase following proton exchange [164, 165]. A symmetry change

to the noncentrosymmetric space group, I ¯
43d, as suggested by some authors for deep

proton-lithium exchange and high temperature treatment [116, 264], is again not able to

be verified here owing to the limitations of the quality of the diffraction data.
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(a) (b)

(c) (d)

Figure 6.9: FIB-SIMS depth profiles of H2O/30 Ga0.15-LLZO. (a) Negative secondary

ions
17
(OH)

−
and

1
H
−
with intensities I, divided by the intensity of

16
O
−
secondary ions;

(b)
7
Li

+
and

1
H
−
intensities, divided by the intensity in the bulk (taken at end of depth

profile); (c)
7
Li

+
and

155
(LaO)

+
intensities divided by the intensity of

69
Ga

+
and

106
(ZrO)

+
intensity divided by the intensity of

155
(LaO)

+
secondary ions; and (e)

secondary electron image of the depth profile crater, showing the depth measurement

with sample at a 45° tilt. The crater size is 7µm by 7µm and the primary ion beam

current is 590 pA, giving a dose rate of 7.5x10
15

ions cm
−2

s
−1
.

Increasing the immersion time in liquid H2O at 100
◦
C leads to an increase in the

thickness of the H-Ga0.15-LLZO region formed, within the timescales of this experiment

(see Table 6.2 and dashed profile Figure 6.12a). Immersion for 5 minutes in H2O (H2O/5,

Figure 6.11a) gives a H-Ga0.15-LLZO layer 0.07µm thick. After 15 minutes exposure, this

H-Ga0.15-LLZO region increases in length to 0.72µm thickness (H2O/15, Figure 6.11b).

After 30 minutes, this increases further to 1.2µm thickness (seen already in Figure 6.9a).

As previously mentioned, the diffusion tails in the negative ion profiles can be

interpreted as the diffusion of protons into Ga0.15-LLZO, which are accompanied by a

diffusion of lithium from the bulk through the H-Ga0.15-LLZO in the opposite direction

to the protons. Chemical diffusion is defined as occurring in a presence of concentration

(or chemical potential) gradient and it results in net transport of mass. The motion of

H
+
into the sample during H

+
/Li

+
exchange can be said to be a chemical diffusion

process. By normalising the OH
−

and H
−

secondary ion counts after the H
+
/Li

+

exchange to their bulk values (taken as their value at the end of the depth profile), we can
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Figure 6.10: XRD pattern on H2O/30 Ga0.15-LLZO pellet showing Li2ZrO3 (C12/c1

space group) and cubic garnet Ia ¯
3d phases refined using Rietveld fitting. The goodness

of fit for the whole profile, χ2
and the intensity-based R-factors (RBragg) for each phase

are given.

(a) (b)

Figure 6.11: Negative secondary ions
17
(OH)

−
and

1
H
−
with intensities I, divided by the

intensity of
16
O
−
secondary ions in FIB-SIMS depth profiles of (a) H2O/5 and (b)

H2O/15 Ga0.15-LLZO pellets. The crater size is 7µm by 7µm and the primary ion beam

current is 590 pA, giving a dose rate of 7.5x10
15

ions cm
−2

s
−1
.

estimate the diffusion length of the protons (distance at which background concentration

is reached) within Ga0.15-LLZO by subtracting the beginnings of the diffusion tail (after

the H-Ga0.15-LLZO region) from the depth at which the bulk (or ‘background’) OH
−
or

H
−
counts are reached. The resulting lengths (x) are 0.85µm, 1.63µm and 1.65µm, for 5,

15 and 30 minutes immersion (t), respectively (Figure 6.12a), corresponding to a chemical

diffusivity, DC(H
+
), of the order of 10

−16
m

2
s

−1
at 100

◦
C in all three samples, using the

relationship x � 4

√
Dt, assuming Crank’s solution for diffusion (as outlined in Chapter

2) and setting D=DC).

The number of H and Li atoms per unit cell in H-Ga0.15-LLZO can also be estimated

by using bulk Ga0.15-LLZO as an internal standard, calculating the ratio of Li counts in

H-Ga0.15-LLZO (i.e. the minimum Li value here) to the Li counts in the bulk (assumed

to be equivalent to a composition Li6.55Ga0.15H0La3Zr2O12, or Li52.4Ga1.2H0La24Zr16O96
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(a) (b)

Figure 6.12: Plots showing (a) the measured length of the H-Ga0.15-LLZO region (red

dashed line) and the chemical diffusion length of H
+
(black solid line) and (b) the

calculated H and Li content in H-Ga0.15-LLZO (red and black, respectively), for the

H2O-immersed Ga0.15-LLZO pellets over different times.

in the unit cell). The difference in the number of Li in the bulk versus H-Ga0.15-LLZO is

expected to be compensated for by H. See Table 6.2 for a summary of these values.

By invoking the Nernst-Einstein relationship for conductivity-diffusivity (Equation

6.1), where k is Boltzmann’s constant, T is the temperature and q is the effective charge of

the carrier, and the diffusivity is the EIS-derived value Dσ
:

Dσ
�
σkT
nq2

(6.1)

using the value for the number of charge carriers, N , as the number of protons as predicted

above (and n � N/unit cell volume), we can obtain estimates of the proton conductivity

σ in the LLZO samples, which gives a mean value of approximately 8 × 10−8
S cm

−1
.



Table 6.2: Overview of calculated values for the 100
◦
CH2O-immersed Ga0.15-LLZO pellets. ’min’ and ’max’ denote the lowest and highest values,

respectively.

Ga0.15-LLZO H2O/5 Ga0.15-LLZO H2O/15 Ga0.15-LLZO H2O/30

H2O immersion time (minutes) 5 15 30

Corrosion layer LiOH thickness (µm) 0.08 ± 0.02 0.15 ± 0.05 0.15 ± 0.05

H-Ga0.15-LLZO end depth (µm) 0.15 ± 0.02 0.87 ± 0.10 1.35 ± 0.10

H-Ga0.15-LLZO length (µm) 0.07 ± 0.04 0.72 ± 0.15 1.20 ± 0.15

OH
−
, H

−
background counts depth

reached (µm)

1.0 ± 0.5 2.5 ± 0.5 3.0 ± 0.5

’Diffusion length’ x of protons (µm) 0.85 ± 0.5 1.63 ± 0.6 1.65 ± 0.6

Minimum value of Li
+
/(Li

+
, bulk) in

H-Ga0.15-LLZO

0.64 ± 0.03 0.44 ± 0.03 0.59 ± 0.04

Calculated H and Li content per unit cell

(N) in H-Ga0.15-LLZO

Li33H19 Li23H29 Li31H21

Proton diffusivity, DC(H
+
) at 100

◦
C,

calculated from x � 4

√
DCt (m2

s
−1
)

2x10
−16

(min= 2x10
−17

;

max=4x10
−16

)

2x10
−16

(min= 7x10
−17

;

max=4x10
−16

)

1x10
−16

(min= 4x10
−17

;

max=2x10
−16

)

Proton conductivity σH at 100
◦
C,

calculated from Nernst-Einstein relation

(S cm
−1
)

7x10
−8

(min= 1x10
−8
;

max=2x10
−7
)

1x10
−7

(min= 5x10
−8
;

max=3x10
−7
)

5x10
−8

(min= 2x10
−8
;

max=9x10
−8
)
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Points of note include the result that, in addition to the growth of the H-Ga0.15-LLZO

region with immersion time, the Li content changes, and with it the calculated H content.

After 5 minutes immersion in H2O (H2O/5), the Li content in the H-Ga0.15-LLZO region

is equal to N(Li) of 33 atoms per unit cell. After 15 minutes (H2O/15), this drops to 23

(with N(H) increasing to 29), but after 30 minutes, falls to 31 (Figure 6.12b). It is difficult

to say if these fluctuations aremeaningful or whether they are part of a larger trendwhich

we are unable to see due to the small sampling size. The experiment would need to be

continued with much longer immersion times to reveal this.

However, if these changes are meaningful, the observed Li contents for these three

samples might be explained by a fast initial exchange step, in which Li
+
exchanges with

H
+
in the water and forms an initial, unequilibrated H-Ga0.15-LLZO garnet region (seen

after 5 minutes). With time, this region becomes enriched with protons, diffusing under

a chemical gradient (15 minutes). Eventually, H-Ga0.15-LLZO becomes enriched in Li

and depleted in H as a result of extension of the diffusion front of protons into bulk

Ga0.15-LLZO and the counter flux of lithium. It might be expected that at some given

time, under these particular exchange conditions, an equilibrium is reached, whereby the

advancement of the protonated front is stopped (H-Ga0.15-LLZO stops growing) and the

H and Li content in H-Ga0.15-LLZO reaches an equilibrium (or fixed value).

The calculated chemical diffusion coefficient of protons, DC(H
+
), in Ga0.15-LLZO

obtained from the diffusion length x, is of the same order of magnitude (10
−16

m
2
s

−1
) at

100
◦
C for each sample. The calculated conductivity σH of the protons in H-Ga0.15-LLZO

under the experimental conditions here, from DC(H
+
) and N , comes to around

8 × 10−8
S cm

−1
, which 4-5 orders of magnitude lower than the Li conductivity at room

temperature in pristine Ga0.15-LLZO (10
−3

S cm
−1
). By using an activation energy value

of 0.2 eV from EIS measurements, this gives a Li conductivity of the order of 10
−2

S cm
−1

at 100
◦
C in pristine Ga0.15-LLZO, which is 6 orders of magnitude higher than the proton

conductivity at this temperature from the diffusion length measurement found in this

experiment (see Table 6.3).

Table 6.3: Measured and calculated transport properties of Li
+

and H
+

in pristine

Ga0.15-LLZO and H2O/30 H-Ga0.15-LLZO.

Ga0.15-LLZO
pristine

H-Ga0.15-LLZO
H2O/30

DC(H+) 100 ◦C (m2 s−1) - ∼ 10
−17

σH 100 ◦C (S cm−1) - ∼ 10
−8

σLi RT (S cm−1) ∼ 10
−3

-

σLi 100 ◦C (S cm−1) ∼ 10
−2

-

Table 6.3 shows that the protonmobility in the exchanged sample is much slower than

the Li mobility in pristine Ga0.15-LLZO at 100
◦
C, which might explain the formation

of a reasonably sharp H-Ga0.15-LLZO junction during the proton exchange. There is
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currently very little literature on diffusivity of protons in the lithium-conducting garnet

ceramics; however, molecular dynamics simulations by Yow et al. [124] estimated that

for a protonated sample Li6.5H0.5La3Zr2O12, a proton conductivity σH of 8.5 × 10−7
S cm

−1

at 100
◦
C with an activation energy of 0.31 eV. This is in reasonable agreement with our

extracted values from the diffusion length. These values here are several orders lower

than the diffusivity calculated from
1
H PFG NMR on the protonated powders; however,

the interpretation of the NMR data is difficult as discussed previously (Section 8.3.3), and

there are likely to be large differences between the powder and pellet samples in terms of

proton content and ionic mobility.

6.2.5 D2O Reaction and Tracer Diffusion

Tracer diffusion was used to probe the inherent diffusivity of protons in the sample once

H
+
/Li

+
exchange has occurred, using D2O as a source of D

+
. Tracer diffusion, with the

diffusion coefficient D∗ as described in Chapter 2, Section 2.2, is a spontaneous mixing of

molecules taking place in the absence of a concentration (or chemical potential) gradient.

This type of diffusion can be followed using isotopic tracers, hence the name. The tracer

diffusion is usually assumed to be identical to self-diffusion (assuming no significant

isotopic effect), and takes place under equilibrium.

In these experiments the H2O - immersed samples were subsequently immersed in

liquid D2O at 100
◦
C for a time one-fifth that of their immersion time in H2O. Figure 6.13

shows a surface negative ion mass spectrum of H2O/30/D2O/6. In addition to the peaks

seen in the H2O/30 sample (Figure 6.8b), there appears two extra peaks for the secondary

ion species
2
D
−
and

18
(OD)

−
. The minimum increment used here is too large (0.1 atomic

mass units) to separate the intensities resulting from
18
O
−
minor isotope and

18
(OD)

−

secondary ions; however, we can verify the presence of the mass/charge (m/z) 18 peak as

being due to
18
(OD)

−
secondary ions, by noting the m/z 18/16 ratio is 1.5%, well above

the natural abundance level for
18
O (0.2%) [265], so we can attribute this to the presence

of D
+
in the sample.

Figure 6.13: Negative secondary ion mass spectrum of H2O/30/D2O/6 Ga0.15-LLZO,

taken with 113 pA primary ion beam current over an area 100µm by 100µm, giving a

dose rate of 7.1x10
12

ions cm
−2

s
−1
. The mass to charge m/z 18/16 ratio is 1.5%.
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(a) (b)

Figure 6.14: FIB-SIMS depth profiles of H2O/30/D2O/6 Ga0.15-LLZO. (a) Positive

secondary ions
7
Li

+
and

155
(LaO)

+
with intensities I, divided by the intensity of

69
Ga

+
;

(b) negative secondary ions
17
(OH)

−
,

18
(OD)

−
,

1
H
−
and

2
D
−
intensities divided by the

intensity of
16
O
−
secondary ions. The crater size is 7µm by 7µm and the primary ion

beam current is 590 pA, giving a dose rate of 7.5x10
15

ions cm
−2

s
−1
.

As in the H2O-immersed samples, the shape of the secondary ion profiles (Figure

6.14) show an initial surface region of high Li
+
, OH

−
and H

−
intensity (and additionally

OD
−
and D

−
) caused by a corrosion layer, followed by a plateau region corresponding

to H-Ga0.15-LLZO, which eventually changes to bulk Ga0.15-LLZO. The length of the

plateau region H-Ga0.15-LLZO is unchanged from the initial H2O treatment (extending

to about 1.35µm depth), but in the negative ion depth profiles we follow the OD
−
and

D
−
secondary ions introduced by the tracer diffusion experiment. These profiles (most

pronounced for D
−
) show a decreasing profile starting at the near-surface and extending

into the bulk. The extent of these profiles are small, likely due to the short exposure time

in D2O , but the main change in the profile occurs within the region of H-Ga0.15-LLZO.

We can thus try to find the diffusivity of D
+
in this region by fitting the OD

−
profiles.

The isotopic fraction of OD
−
, C(OD), is given by Equation 6.2, from the intensities I of

the secondary ions OD
−
and OH

−
:

C(OD) � I(OD
−)

I(OD
−) + I(OH

−) (6.2)

The normalised concentration C′(OD) is given by Equation 6.3:

C′(OD) �
C(OD) − Cbg(OD)

Csource(OD) + Cbg(OD) (6.3)

Cbg(OD) is the background isotopic fraction of OD
−
, taken from the value in bulk

Ga0.15-LLZO (or alternatively the equivalent H2O-immersed sample average value).

Csource(OD) is the source concentration of the labelled species (i.e. 99.8%, taken from

the nominal concentration in the D2O solution). Note the background and tracer OD
−

fraction will include a contribution from
18
O
−
counts, which we have noted previously is

negligible compared to the counts from OD
−
species.

Using the example of the H2O/30/D2O/6 sample, where Cbg(OD) is 0.277 (taken
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from the H2O/30 sample SIMS profile under the same measurement conditions), Figure

6.15a gives the resultant profile for C′(OD) across the whole depth profile. Limiting the

profile to the H-Ga0.15-LLZO region only (up to 1.35µm), then Cbg(OD) is 0.208, and the

resulting normalised fraction C’(OD) is shown in Figure 6.15b.

(a) (b)

Figure 6.15: Normalised isotopic fraction of OD
−
, C′(OD), as a function of depth in

H2O/30/D2O/6 Ga0.15-LLZO. (a) The whole depth profile and (b) up to 1.35µm
corresponding to the H-Ga0.15-LLZO region.

Profiles measured under a lower primary ion beam current, which have a greater

number of data points per unit depth (i.e. higher depth resolution), were fitted - examples

are shown in Figure 6.16. The curve fitting andgeneration of the plotswas generatedusing

a custom software package, TraceX [266], using the Crank solution to the one-dimensional

diffusion equation in a semi-infinite domain, with a surface exchange boundary and

uniform initial conditions, to extract the tracer diffusivity of D
+
(D∗) and surface exchange

coefficient k∗, fitting using a non-linear least squares method.

The mean value for D∗ using low current depth profiles measured (four in total, using

the primary ion beam currents 114 pA and 324 pA) is 3.2 × 10−17
m

2
s

−1
, with a standard

deviation of 0.78 × 10−17
m

2
s

−1
. Adjusting for profiles within the H-Ga0.15-LLZO

region only, the mean value for D∗ is 2.5 × 10−17
m

2
s

−1
, with a standard deviation of

0.82 × 10−17
m

2
s

−1
.

The D∗ tracer diffusivity is thus measured to be ∼ 10
−17

m
2
s

−1
at 100

◦
C in

Ga0.15-LLZO, which is about one order of magnitude lower than the chemical diffusivity

estimated from the H2O experiments (DC(H
+
)). The tracer diffusivity is expected to be

lower than the chemical diffusivity, as the tracer diffusion lacks the chemical gradient

found in the chemical diffusion process. However, it is difficult to isolate the diffusion of

D
+
in LLZO from interferences caused by the corrosion layer, particularly in such short

profiles, which provides a significant source of error.

A more accurate value would involve fully protonating the Ga0.15-LLZO to form a

very deep (or infinite) region of equilibrated H-Ga0.15-LLZO and then performing the

tracer diffusion experiments over a larger length scale. Translating the tracer diffusion

to a proton conductivity through the Nernst-Einstein relation gives 10
−8

S cm
−1

at 100
◦
C,

assuming the diffusivity corresponds to long-range correlatedmotion. Again, this is close
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(a) (b)

Figure 6.16: Isotopic fraction of OD
−
, C(OD), as a function of depth with Crank solution

fit to tracer diffusivity D∗ and surface exchange coefficient k∗ in (a) H2O/5/D2O/1

measured with 114 pA primary ion beam current and (b) H2O/15/D2O/3 with 324 pA

primary ion beam current. The primary ion dose rates are 1.45x10
15

ions cm
−2

s
−1

and

4.13x10
15

ions cm
−2

s
−1
, respectively. The residual is the difference between the data

points and the fitted profile.

to molecular dynamics simulation results reported [124] (with a value of 8.5 × 10−7
S cm

−1

for Li6.5H0.5La3Zr2O12 at 100
◦
C). It should be remembered that DC ionic conductivity,

σi , as given in Equation 6.4, depends on charge q, number density n and mobility µ of

the mobile species i.

σi � ni qiµi (6.4)

Consequently, we are making a number of assumptions, in applying the

Nernst-Einstein relation, about the proton conductors in the H-Ga0.15-LLZO - including

that the tracer diffusion, D∗ can be approximated to the self-diffusion, that the number of

protons available for conduction nH is equal to the number of protons in H-Ga0.15-LLZO,

and we are also making assumptions about their mobility. For the protons to contribute

to conductivity, they need to be part of an open interconnected structure of diffusion

channels; however, in this work we do not know about this, neither do we know the type

and size of bottlenecks and the match between conduction path dimensions and mobile

cation size, which are all critical factors for enabling conduction.

An additional effect which is not investigated here is the isotopicmass effect: normally

in translating tracer diffusivity to self-diffusion, the mass effect is ignored. For example

in solid oxide fuel cells where the oxygen isotopes
16
O and

18
O are used, the increase in

mass in replacing
16
O by

18
O is 12%, which is a relative mass change considered small

enough to ignore. However, here the difference is a much larger one (D is twice the mass

of H, giving a 100% mass increase), so it is likely that this will have an effect on the

different interactions of each isotope with the surrounding lattice, thus impacting on the

transport properties. Heavier isotopes have, in classical terms, lower vibrational bond

frequencies, or viewed quantum mechanically, they have a lower zero-point energy and

require a higher activation energy for bond cleavage. Another possibility is the effect
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of quantum tunnelling, which exists particularly for light elements, whereby a reacting

species tunnels through the potential energy barrier rather than going over it, producing a

large isotope mass effect. Amore detailed discussion of mass effects observed in Li metal,

both classical and quantum, is discussed by Lodding et al. [267] It may be necessary to

include a mass correction factor in future work when highly quantitative data is being

collected.

Another consideration which is not explored here is the mechanism for proton

transport. Quite often in the diffusion of protons in metal oxides, protons are reported

to associate with the oxide ions and form hydroxide ions. As the proton has no electron

shell, it interacts strongly with the electron cloud of the oxide ion, forming a strong O-H

bond. Twomechanisms for proton transport exist in principle in normal oxide structures,

the free transport mechanism [32] and the Grotthuss mechanism [268]. The free transport

mechanism involves protons jumping from one oxide ion to another, between which the

proton rotates so as to reorientate its electron cloud ready for the next jump. In the

Grotthuss mechanism, the proton is transported as a passenger on an oxide ion. Hence it

is a transport of hydroxide ions, moving via an oxygen vacancy or interstitial hydroxide

ion. H2O or H3O
+
ions may also serve as vehicles for proton diffusion in more open

structures.

To summarise, Figure 6.17 shows a schematic of the processes occurring during the

experiments described in this section. The left-hand image shows the proton-lithium

exchange reaction (immersion of pellet in liquid H2O) in the first step. H
+
/Li

+
exchange

occurs at the surface, resulting in the formation of LiOH corrosion layer products which

are readily washed away in the water bath. This is followed by the formation of a

H-Ga0.15-LLZO region, followed by a region of Ga0.15-LLZO which contains a chemical

diffusion profile of H
+
until the bulk, non-protonated Ga0.15-LLZO, is reached. The

protons create a region of H-Ga0.15-LLZO but the extent of H
+
/Li

+
exchange might be

limited by Li
+
and H

+
ionic mobilities within the H-Ga0.15-LLZO.

The right-hand image in Figure 6.17 shows the second step of the experiment in

which the H2O-immersed sample is exchanged in D2O. In this step, there is some

exchange between Li
+
and D

+
at the surface, but once inside the material, the D

+
shows

a concentration gradient, or diffusion profile across the H-Ga0.15-LLZO, formed in the

first step.

6.3 Effect of Protonation on Lithium Ionic Transport

6.3.1 Impedance Method

The pellets were measured using electrochemical impedance spectroscopy (EIS) in

the frequency range of 1Hz to 13MHz, using either cold-pressed Li metal foil or

gold-sputtered electrodes; see Chapter 4, Section 4.7.1 for more details. Impedance

data was collected over a range of temperatures (−100 to 25
◦
C). Three pellet types were

tested according to the variety of atmosphere and moisture treatments they experienced:

pristine, air-exposed and water-exposed (H2O/15 and H2O/30). The pristine samples
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Figure 6.17: Schematic of possible ionic transport arrangements within a Ga0.15-LLZO

grain; (left) during H2O immersion (H
+
/Li

+
exchange step); showing relatively fast

chemical diffusion of H in the Ga0.15-LLZO grain, with a diffusion profile of H into bulk

Ga0.15-LLZO after the formation of a H-Ga0.15-LLZO region; (right) during the D2O

immersion, with tracer diffusion of D
+
across the H-Ga0.15-LLZO region.

were not removed from the glove box at any time prior to being placed in a coin cell

and measured in the impedance analyser, being measured only with Li electrodes. The

air-exposed samples were removed from the glove box and allowed to be in contact with

the air during transfer to and from the Au-sputtering equipment. The water-exposed

samples were treated in the same way as described previously for the water-exchange

pellet experiments. The measurements in this experiment were made by Dr. Ola

Hekselman at Imperial College London.

The impedance spectra were fitted with equivalent circuits consisting of parallel

combinations of a resistor (R) and a constant-phase element (CPE), denoted hereafter

by R//CPE, arranged in series. An additional resistance element (Rint) in series was also

included to account for inductive effects, resulting in a deformation of the high frequency

semicircle. It was found that a resistance corresponding to the sample wiring was 5W
at room temperature. For all Nyquist plots, a constant-phase element (CPE) was used to

model the non-ideal capacitive behaviour represented by depressed semicircles. Details

of the fitted components for all samples are summarised in Table 6.4.



Table 6.4: Equivalent circuit model fits at 25
◦
C of impedance spectra parameters for pristine, air-exposed, H2O/15 and H2O/30 Ga0.15-LLZO cells

with Li and Au symmetric electrodes.

Pristine Li In air Li In air Au H2O/15 Li H2O/30 Li

R//CPE-1 (bulk) Rbulk x A/l [W cm] 8.6x10
2

- 1.6x10
3

1.8x10
3

2.4x10
3

σbulk [S cm−1
] 1.2x10

−3
- 6.4x10

−4
5.5x10

−4
4.1x10

−4

Ea [eV] - 0.18 0.20 0.14 0.18

C x l/A [F cm
−1
] 3.7x10

−11
- 2.6x10

−11
2.8x10

−11
9.8x10

−11

R//CPE-2 (grain
boundary, GB) RGB x A/l [W cm] 3.5x10

2
- 1.0x10

2
2.1x10

5
5.0x10

5

Ea [eV] - 0.28 0.26 0.12 0.17

C x l/A [F cm
−1
] 4.6x10

−8
- 8.7x10

−9
1.8x10

−9
1.2x10

−9

R//CPE-(1+2)
(total) Rtotal x A/l [W cm] 1.2x10

3
2.3x10

3
1.7x10

3
2.1x10

5
5.0x10

5

σtotal [S cm−1
] 8.2x10

−4
4.3x10

−4
5.9x10

−4
4.8x10

−6
2.0x10

−6

Ea [eV] - 0.22 0.21 0.16 0.17

C x l/A [F cm
−1
] - 1.3x10

−10
- - -

R//CPE-3 (charge
transfer, CT)

ASR (i.e. RCT x

A/2) [W cm
2
]

9.4 392.5 - 2.4x10
3

-

C/A [F cm
−2
] 8.8x10

−5
5.6x10

−5
- 8.7x10

−5
-
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6.3.2 Impedance Results

Air-Exposed Ga0.15-LLZO

The impedance spectra for the air-exposed Ga0.15-LLZO pellet measured with

symmetrical Au electrodes (Figure 6.18a) comprises two high frequency depressed

semicircles denoted by the contributions R1//CPE1 and R2//CPE2, with associated

geometry-corrected capacitance values of 2.6 × 10−11
F cm

−1
and 8.7 × 10−9

F cm
−1

at 25
◦
C,

respectively. The relatively low capacitance value for the high frequency contribution

R1//CPE1 is typical for bulk ion transport [239]. The R2//CPE2 component is obscured

by the Warburg lithium-blocking Au electrodes at low frequencies, but can be resolved at

low temperatures (less than 0
◦
C, see inset of Figure 6.18a). The capacitance value derived

from this contribution could either be associated with inter-grain ionic transport, or an

interface process, which is investigated later. The activation energies were extracted from

variable temperature data taken from −100 to 25
◦
C and fitted to an Arrhenius-type fit,

shown in Figure 6.18b. The total conductivity, σtotal is 5.9 × 10−4
S cm

−1
at 25

◦
C.

(a) (b)

Figure 6.18: (a) Nyquist plot at room temperature and (inset) −100 ◦C and (b) Arrhenius

plots of bulk, grain boundary (GB) and total conductivities for the Ga0.15-LLZO

air-exposed sample with symmetrical Au electrodes.

Pristine Ga0.15-LLZO

In the pristine samples tested with symmetrical Li electrodes, the impedance spectra

(Figure 6.19) comprise an incomplete semicircle at the high-frequency region (which

closes at lower temperature), followed by two depressed semicircles at the medium and

the low frequencies, which are fitted to the three parallel R//CPE circuits. Again, the

high frequency semicircle is attributed to the bulk (within-grain) ionic transport, and

the geometrically-corrected capacitance and ionic conductivity values extracted from

the fitted high frequency semicircle are 3.7 × 10−11
F cm

−1
and 1.2 × 10−3

S cm
−1

at 25
◦
C,

respectively. This bulk conductivity is comparable to the highest reported literature values

[113, 137, 151].

The intermediate-frequency component, R2//CPE2, has a geometry-corrected

capacitance of 4.6 × 10−8
F cm

−1
at −25 ◦C, which was found to be associated with
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(a) (b)

Figure 6.19: Nyquist plots of Ga0.15-LLZO pristine pellets with symmetrical Li

electrodes at room temperature (a), with equivalent circuit model (inset) and (b) overlay

of spectra measured at 25
◦
C, 0

◦
C and −25 ◦C. The solid line denotes fitting using the

equivalent circuit model.

inter-grain ionic transport in the Ga0.15-LLZO pellet. This was confirmed by evaluating

the impedance of the second semicircle with a pellet of the same material of different

thicknesses. The impedance values for this process varied proportionally with the

thickness of the pellet which, when corrected for by cell dimensions to give resistivity,

gave a value with a variance of less than 5% (see Appendix A.3, Tables A.2 and A.3,

supporting the assigned process as being associated with inter-grain transport and not a

surface-related process (which would be thickness-independent).

The nature of the inter-grain impedance can be two-fold: (i) transport across

grain-grain interfaces or (ii) a precipitation of an interconnected secondary phase within

the grain boundaries. Compositional information and more detailed investigations of

electrochemical properties of the grain boundaries in Ga0.15-LLZO are needed to fully

understand this. The presence of Li2ZrO3 as a minor secondary phase is not expected to

contribute to ionic transport of Ga0.15-LLZO as no interconnected grains, which could

provide continuous pathways for ionic transport, were observed in secondary electron

and ion images. It might be that in the air-exposed sample, whose capacitance value for

this second semicircle is lower than in the pristine sample, could contain a contribution

from the surface layer formed as a result of corrosion layer growth, in addition to air

reactivity of the grain boundaries.

The third, low-frequency semicircle component, R3//CPE3, seen in the cells tested

with Li electrodes is associated with an electrolyte/electrode interface and can be

described by the charge transfer resistance of two symmetric interfaces. In the pristine

sample, this semicircle has an associated area-corrected capacitance of 8.8 × 10−5
F cm

−2
,

and a value of area-specific charge transfer resistance (ASR) of 9.4W cm
2
. This is amongst

the lowest values reported in the literature to-date for the interface between Li metal and

garnet electrolytes, where the lowest values have been achieved by surface modification

techniques by adding an interlayer between the Li metal and LLZO. This low value seen

here is likely due to careful moisture-controlled processing and handling of Ga0.15-LLZO
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in this work. In the air-exposed sample, the charge transfer component has an ASR equal

to 392.5W cm
2
, indicating a higher barrier to charge transferwhen compared to the pristine

sample, likely caused by the formation of a small corrosion layer on the garnet surface,

which supports this hypothesis.

Water-Treated Ga0.15-LLZO

The impedance spectra for the water-treated samples weremeasuredwith both Au and Li

foil symmetric electrodes and compared to the pristine samples. Both the water-treated

15 minutes (H2O/30) and 30 minutes (H2O/30) samples display similar spectral form to

the pristine spectra (Figure 6.20), with three distinguishable semicircles which are fitted

to parallel R//CPE elements, using the equivalent circuit in Figure 6.19a.

(a) (b)

Figure 6.20: Nyquist plots of Ga0.15-LLZO pristine, air-exposed and 100
◦
C

H2O-immersed pellets with symmetrical Li and sputtered Au electrodes at room

temperature. (a) High frequency region; (b) lower frequencies.

The fitted values from the impedance plots are given in Table 6.4. Three clear trends

can be seen:

1. σbulk(pristine) > σbulk(H2O/15) > σbulk(H2O/30). The apparent bulk ionic

conductivity found from the R1//CPE1 (bulk transport) contribution decreases

by one order of magnitude in the protonated samples. This is attributed to an

additional resistance in series due to the formation of a proton-rich H-Ga0.15-LLZO

layer with high resistivity (Figure 6.21) which, although small in comparison to the

total pellet thickness (∼ 1%), contributes to an increase in the bulk resistance. It

has been suggested that extensive proton-lithium exchange in LLZO would lead

to a reduced Li
+
mobility as the mobile octahedral Li sites are depopulated [157,

159, 164]. The total bulk conductivity in the water-exchanged LLZO is of the

order of magnitude of the most frequently reported values for garnet electrolytes

in the literature, which could suggest a degree of facile proton-lithium exchange

during processing and handling in these materials. This highlights the importance

and controlled moisture-free handling of garnets in order to prevent unwanted

performance losses of the cells due to degradation processes.
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2. RGB(pristine) << RGB(H2O/15) < RGB(H2O/30). The apparent grain boundary

resistance subtracted from the R2//CPE2 contribution seems to be more heavily

affected by the moisture reactivity. In this case, the resistance increases by three

orders of magnitude following water treatment. Importantly, the impedance

measurements in the pristine sample show a lower grain boundary resistance

than the bulk, indicating a higher Li mobility that could also be correlated to

higher H
+
/Li

+
exchange rates in the grain boundaries. The change in appearance

of the grain boundaries in the electron and ion images after water treatment

(Figure 6.7) also indicate reactivity leading to a less conductive grain boundary,

which is mirrored in the change in transport properties seen in EIS measurements.

Shimonishi et al. [165] reported a similar decrease in grain boundary conductivity

in LLZO pellets in H2O at 50
◦
C, attributing the change to segregation of resistive

decomposition products at the grain boundaries whichwere not detectable by XRD.

The existence of a liquid phase sintering process leading to enriched Al and Li grain

boundaries has been previously reported [140, 146] and may be one of the factors

contributing to higher reactivity towards proton-lithium exchange here.

3. The ASR for the charge transfer (R3//CPE3) follows ASR(pristine) <

ASR(air-exposed) << ASR(H2O/15). The ASR in the pristine sample with Li

electrodes is 9.4W cm
2
, a very low value for this material. In the air exposed

sample, this increases to 392.5W cm
2
. The H2O/15 protonated sample has an area

specific resistance almost three orders ofmagnitudegreater than thepristine sample,

with a value of 2.4 × 103 W cm
2
, indicating a large increase in the resistance at the

H-Ga0.15-LLZO/Limetal interface. TheH2O/30 sample charge transfer component

cannot be resolved as it occurs at too low frequencies at room temperature. Most

reports to-date have focussed on the presence of LiOH and Li2CO3 following air

exposure formed during the exchange process as the cause of increased interfacial

resistance [168, 169, 269], which is generally recovered on mechanically abrading

the corrosion layer [173]. For the first time, the effect of an extensively proton-rich,

lithium-depleted LLZO surface on the interfacial properties with lithium metal

electrodes is observed here (with a clean surface, free of LiOH and Li2CO3 species).

The increased ASR following the proton-lithium exchange is most likely a result

of decreased charge carrier mobility in this modified interfacial region. This

behaviour is much more difficult to reverse with post-treatments, and represents a

significant factor to consider when engineering interfaces of the LLZO electrolyte

with lithium metal electrodes, with implications on cell performance such as fast

charge/discharge cycles and preventing dendrite formation.

A closer look at the bulk resistance for the three samples, combined with the estimated

H-Ga0.15-LLZO thickness as measured by FIB-SIMS depth-profiling, can allow the

approximate resistivity of the H-Ga0.15-LLZOmaterial (ρH-LLZO) to be calculated. Figure

6.21 shows a schematic of the protonated region of the pellet under EIS measurements,

with l′ being the thickness of the H-Ga0.15-LLZO region in the protonated samples, and

l′′ being the thickness of the unmodified, non-protonated, pure Ga0.15-LLZO in these
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Figure 6.21: Schematic illustrating the true thickness, l′′, of the pure LLZO region and

the thickness of the H-LLZO region, l′, following H
+
/Li

+
exchange in H2O. R denotes

the resistance.

samples (and l the total pellet thickness). In the pristine sample, Rbulk(pristine) is equal

to 8.6 × 102 W cm, which allows the resistivity of the pristine Ga0.15-LLZO, ρpristine, to be

found.

Using Equations 6.5 and 6.6:

Rbulk(H2O) � R′
H-LLZO

+ R′′
LLZO

�
2l′

A
ρH-LLZO +

l′′

A
ρpristine (6.5)

l′′ � l − 2l′ (6.6)

the corresponding resistivities of the H-Ga0.15-LLZO region in both protonated samples

are found to be (see Appendix A.4, Table A.4):

ρH-LLZO(H2O/15) = 1.2 × 105 W cm

ρH-LLZO(H2O/30) = 1.4 × 105 W cm

This corresponds to bulk conductivities in the protonated garnets of:

σH-LLZO(H2O/15) = 8.6 × 10−6
S cm

−1
at 25

◦
C

σH-LLZO(H2O/30) = 7.1 × 10−6
S cm

−1
at 25

◦
C

which is almost three orders of magnitude lower than the pristine Ga0.15-LLZO (where

σH-LLZO, bulk is 1.2 × 10−3
S cm

−1
). This low conductivity can be related to a very low ionic

mobility in the protonated phase. It might be expected that the highly resistive H-LLZO

would lead to a splitting of the bulk impedance contribution into two arcs, leading to

a broadening of the arc if the two bulk processes are not separable in the Nyquist plot.

Further experiments and analyses would be needed to explore this.

The low mobility could be associated with a decrease in the Li charge carrier

concentration and a concomitant change in the conduction mechanism, as suggested

by previously reported ab initio studies [109], and in agreement with the
7
Li PFG NMR

results which showed a dramatic decrease in Li mobility (Section 6.1.2), as well as our

chemical and tracer diffusion experiments on the protons, which showed them to have

lowermobility than the Li ions (at 100
◦
C). However, further analysis should be performed

to prove a change in the activation energy and evaluate possible cooperative effects of H

and Li charge carriers in these phases.

Such large resistive contributions to the bulk and grain boundary resistance from
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Figure 6.22: Optical microscope images of a LLZO-La2Zr2O7 mixed phase pellet at 50x

magnification polished to 0.1µm after air exposure (left image), and after polishing the

surface a second time (right image).

the protonated H-Ga0.15-LLZO and the grain boundaries highlight the importance of

controlled handling and synthesis of these highly moisture-sensitive garnet materials, in

order to avoid regions of protonated LLZO forming and causing an overall reduction in

conductivity.

6.4 Surface Corrosion Layer Formation

The formation of corrosion layers of LiOH and Li2CO3, which are created at the LLZO

pellet surface during the proton exchange process, is investigated here. Highly surface

sensitive (confined to the top atomic layer) LEIS is used to determine the composition of

the corrosion layer as it first forms and its transformation over time, and XPS is used to

verify this. The formation of a corrosion layer is visible under optical observation, and

under an optical microscope the formation of a surface layer after air exposure can be

seen. The optical images in Figure 6.22 of a mixed phase LLZO-La2Zr2O7 pellet polished

to 0.1µm show an optically dark region formed on the LLZO grains, leaving the lighter

unreactive La2Zr2O7 grains unchanged. After polishing again with diamond powder, the

corrosion layer is removed.

6.4.1 Low Energy Ion Scattering

LLZO pellets were subject to different ageing treatments in air and water; Figure 6.23

shows
4
He LEIS depth profiles with over an analysis area of 750µm by 750µm. The dose

per cycle was 7x10
14

ions cm
−2

for the
4
He analysis gun, and 3.4x10

15
ions cm

−2
for the

Ar sputter gun, to ensure that most of the sputtering was carried out by the lower energy

sputter gun to allow reasonable depth calibration and to minimise intermixing from the

higher energy
4
He projectiles. LEIS measurements were taken by Dr Andrea Cavallaro at

Imperial College London.

The oxygen intensity (which is normalised to the sum of all the surface species) can be

used as amarker for the corrosion layer formation. In Figure 6.23, the x-axis represents the
depth of the analysis in terms of the total argon sputtering dose; 0 ions cm

−2
corresponds
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Figure 6.23: 3 keV
4
He LEIS depth profile with a 0.5 keV Ar sputter gun showing

normalised oxygen intensities (with respect to the sum of all surface species) for Ga- and

Al- doped LLZO pellets following different atmospheric treatments. The sputter area is

1500µm by 1500µm and the analysis area is 750µm by 750µm.

to the sample surface. It can be seen that with increasing air exposure time, the thickness

of this corrosion layer increases such that after 1week in air, the signal from the bulk pellet

is not reached even after 2x10
17
ions cm

−2
dose (equivalent to 58 cycles of the sputter gun,

or 58 atomic layers, approximately).

The corrosion layer detected here can be attributed to being composed of LiOH, not

Li2CO3 as there is no C signal detected by LEIS at the surface of the samples after a week

of air exposure. This is shown by the sub-surface scan spectra, acquired after 3 sputter

cycles, in the 800 to 2800 eV energy range of both Al0.15-LLZO and Ga0.15-LLZO pellets

after 1 week of air exposure (Figures 6.24a and 6.24b). It appears that LiOH forms quickly

at the surface during air exposure, then slowly transforms to Li2CO3. This has been

observed in previous studies on Al-, Ta- and Nb-doped LLZO [124, 137, 159], where it

is suggested that the energetically favoured process is the direct reaction with gas phase

H2O to form LiOH, followed by reaction with CO2 to form the carbonate, rather than the

direct reaction with CO2 in air [147].

The LEIS sub-surface spectrum (Figure 6.24c) and depth profile (Figure 6.24d) for

Ge0.10-LLZO, which was exposed to air for one week and then stored in a glove box for

several months, has surface regions of high C and O counts due to the surface corrosion

layers of LiOH and Li2CO3 formed under the two different atmospheres. There is a sharp

step change in the O, Zr and La counts at a dose of about 7.5x10
16

ions cm
−2

as we go into

the bulk, equivalent to 22 sputter cycles, so we can estimate the total corrosion layer to be

approximately 22 atomic layers thick. The thickness of the carbon is much less than this,

which could support the theory that the LiOH slowly transforms to Li2CO3 (through the

presence of small quantities of CO2 in the glove box). It should be noted that the large
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(a) (b)

(c) (d)

Figure 6.24: Sub-surface 3 keV
4
He LEIS spectra of (a) Al0.15-LLZO and (b)

Ga0.15-LLZO pellets after 1 week air exposure, after a sputter dose of 1x10
16

ions cm
−2
;

(c) Ge0.10-LLZO surface scan after a sputter dose of 8.8x10
16

ions cm
−2

and (d)

Ge0.10-LLZO depth profile after storage in the glove box for several months following

air exposure.

analysis area for LEIS means that grain boundary and/or impurity grain effects cannot

be decoupled here.

The LEIS spectra previously discussed are on pure-phase LLZO garnets; however,

if we do the same depth-profiling (Figure 6.25a) on a Ga0.15-LLZO pellet containing

Li2ZrO3 impurity grains, which has been exposed to air for 72 hours, the Zr signal loses

its sharp interface in the depth profile. This is due to the unreactive Li2ZrO3 grains at the

surface which produce a Zr signal in the first 50-60x10
15

ions cm
−2

(15-17 atomic layers),

with Ga0.15-LLZO hidden under the corrosion layer. The exposed Li2ZrO3 grains can

be seen in the secondary ion image as bright regions, lacking the rough corrosion layer

found on the rest of the sample surface (Figure 6.25b).

6.4.2 X-ray Photoelectron Spectroscopy

The pellet samples were measured using XPS to determine surface species before and

after air exposure. For this analysis, samples were finely polished down to 4000 grit SiC

paper and cleaned with acetone and isopropyl alcohol and a lint-free cloth, except for

the air-exposed sample. Samples were transferred under argon with a glove box module
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(a) (b)

Figure 6.25: 3 keV
4
He LEIS depth profile and secondary ion image of Ga0.15-LLZO

air-exposed pellet containing Li2ZrO3 grains.

and the data was collected with a 200µm by 200µm beam (see Chapter 4, Section 4.3.1

for measurement details). All measurements and data treatment were made by Dr Anna

Regoutz at Imperial College London.

The air-exposed Ge0.10-LLZO pellet with LEIS measurements in Figures 6.24c and

6.24d was measured in XPS and the spectra are shown below in Figure 6.26. A pristine

reference sample of the samematerial which was never removed from the glove box prior

to measurement is also shown. The probing depth (3 times the mean free path) for the

analyses is approximately 5 nm [173].

Table 6.5: Quantification of XPS Li, La and Zr ratios in Ge0.10-LLZO samples.

Sample Li:La:Zr

in air Ge0.10-LLZO 6.6 : 1.5 : 1.3

pristine Ge0.10-LLZO 6.6 : 2.4 : 2.3

nominal Ge0.10-LLZO 6.6 : 3 : 2

The Zr and La 3d peaks are very comparable for the two samples (not shown). The Li

1s peak is relatively much higher than the Zr 4s peak for the air exposed sample versus

the pristine sample, as might be expected if a Li-rich corrosion layer is present. It shifts to

lower binding energies towards the Zr 4s peak in the pristine sample, indicative of weaker

Li bonding in the surface compared to the air-exposed sample. In the O 1s spectra, the

higher binding energy peak corresponding to an OH bonded species is also much greater

than the low energy peak associated with a metal-oxide (i.e. within the garnet lattice)

for the air compared to the pristine sample. Finally, in the C 1s spectra, both samples

show small peaks at high binding energies (> 287 eV) associated with double bonded

oxygen-carbon species, in particular hydrogencarbonate and carbonate species (highest

in binding energy) [270], but the intensity is greater for the air-exposed sample.

The Li:La:Zr ratio for the pristine and the air-exposed sample is 6.6:1.5:1.3 and
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(a) (b)

(c)

Figure 6.26: XPS Li 1s, O 1s and C 1s core spectra for air-exposed and pristine

Ge0.10-LLZO samples.

6.6:2.4:2.3, respectively (Table 6.5). The pristine sample is close to being as expected

for the nominal pristine LLZO stoichiometry; the air-exposed sample is enriched in Li

relative to La and Zr at the surface, again indicative of a Li-rich corrosion layer.

6.5 Summary

The proton-lithium exchange mechanism was studied on powder and pellet samples

to better understand the role of the reaction on the chemical transformations within

doped-LLZO, on its surface chemical properties and on its ionic transport properties. A

summary of the findings are given below:

1. Proton-lithium exchange in powdered Ga0.15-LLZO:

In this series of experiments, powder samples of Ga0.15-LLZO underwent H
+
/Li

+

exchange by immersing the powders in liquid H2O at room temperature and 100
◦
C

for a fixed time (20 hours). Care was taken to remove any corrosion product formed

during the process through careful washing and drying of the samples.

The cubic Ia ¯
3d lattice structure was maintained following the exchange process,

as verified by powder XRD, and the lattice parameter was found to change as

refined by Rietveld analysis of the XRD patterns; in the RT-immersed sample, the
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parameter decreased (from 12.988Å to 12.985Å); in the 100
◦
C sample, it increased

(to 13.031Å). Additionally, a pyrochlore La2Zr2O7 impurity, normally associated

with Li loss, was present after the RT H2O treatment only. These observations may

indicate a difference in exchange kinetics of the proton exchange process at these two

temperatures and perhaps a difference in the nature of theH-O bonding on insertion

of H
+
species into the lattice - the barrier to H

+
insertion may not be overcome at

room temperature, resulting in a net Li loss and formation of pyrochlore, whereas

at 100
◦
C, it could be that the protons are present as H3O

+
, resulting in a lattice

expansion versus the unexchanged LLZO.

The NMR
1
H spectra support these findings, showing a difference in the relative

intensities of the chemical shift peaks associated with intercalated protons and

adsorbed water for the room temperature compared to the 100
◦
C-treated samples,

with a larger fraction of intercalated protons in the 100
◦
C H2O sample. PFG NMR

on the 100
◦
C H2O powder yielded an incalculable lithium ion diffusivity owing

to markedly slower kinetics of lithium in the sample compared to those of pristine

sample. Decay processes for the protons were seen but could not be assigned a

diffusivity with confidence owing to the complicated signal. These findings imply

slow lithium ion diffusion in the protonated LLZO sample.

2. Proton-lithium exchange in Ga0.15-LLZO pellets:

Pellets of Ga0.15-LLZO were immersed in 100
◦
C liquid H2O for a range of times,

and FIB-SIMSwas used to depth profilewithin grains to follow the chemical changes

as a function of depth.

The water-treated sample has a surface free from corrosion species (LiOH and

Li2CO3) and surface impurities (such as carbon-based species) relative to the pristine

samples. A proton-rich H-Ga0.15-LLZO region forms on proton-lithium exchange

in the pellet samples, and as the exposure time increases, its thickness increases,

and there is a change in Li and H content.

Li andHdiffusionprofiles are seen in the samples; thediffusion length of theprotons

increases with the immersion time. The chemical diffusion coefficient, DC(H
+
), of

the protons at 100
◦
C is calculated to be 1 × 10−16

to 2 × 10−16
m

2
s

−1
for the three

samples. This corresponds to a conductivity at 100
◦
C of the order of 10

−8
S cm

−1
at

(compared to the Li conductivity from EIS measurements as 10
−2

S cm
−1

at 100
◦
C).

3. Tracer diffusion using D2O on Ga0.15-LLZO pellets:

The H2O-immersed pellets were then immersed in D2O to enable tracer diffusion to

occur, which was also followed using FIB-SIMS depth-profiling in the Ga0.15-LLZO

grains. The times chosenwere too short to collect an accurate diffusion profile of D
+
;

however, there was a clear movement of D
+
into the samples. The tracer diffusivity

(D∗) was difficult to find from fitting the profiles, but within the H-Ga0.15-LLZO

regions tested, it was estimated to be approximately 10
−17

m
2
s

−1
, one order of

magnitude smaller than the chemical diffusivity.
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4. Effect on transport properties, EIS measurements:

Pristine, air-exposed and water-immersed pellets of Ga0.15-LLZO were measured

with impedance analysis using Au and Li electrodes to determine the effect of

moisture reactivity on the transport properties.

Electrochemical impedance data showed a reduction in total conductivity from the

pristine to the water-treated samples due to a decrease in charge carrier mobility

in the protonated H-Ga0.15-LLZO region, which has a calculated bulk resistivity

of approximately 10
5 W cm in both H2O/15 and H2O/30 samples. This bulk

resistivity is almost three orders of magnitude higher than in pristine, pure LLZO

with Rbulk(pristine) equal to 8.6 × 102 W cm. A second semicircle component in

the impedance spectra, R2//CPE2, was seen in all samples and attributed to a

grain boundary contribution, which is shown to be very susceptible to moisture;

after water treatment, the resistance, RGB, for this component increases by three

orders of magnitude to 5 × 105 W cm after 30 minutes. The ASR with Li electrodes

dramatically increased after the proton exchange (from 9.4W cm
2
in the pristine to

392.5W cm
2
in the air-exposed sample to 2.4 × 103 W cm

2
in the H2O/15 sample).

5. Air-reactivity, surface corrosion layer formation:

LLZOpellets were allowed to be in contact with ambient air for a range of times, and

the chemical nature of the corrosion layer formed at the surface was investigated

with LEIS and XPS. LiOH quickly forms on the surface of a variety of doped LLZO

pellets (Al, Ga, Ge) – the corrosion layer is visible in an opticalmicroscope and can be

polished away with fine diamond paste. This is followed by a slow transformation

to Li2CO3 in both air and under glove box conditions (where the CO2 content is

unknown, but should be minimal).

To summarise, it has been shown that proton-lithium exchange processes proceed very

readily in the garnet LLZO materials, resulting in changes to Li stoichiometry and

transport properties. The crystal structure remains unchanged, but the highly reactive

nature of the grain boundarieswithmoisture in the pellets is not chemically characterised,

and may lead to loss of mechanical integrity over long time periods. The formation

of H-LLZO with low Li mobility (compared to the pristine LLZO) has detrimental

implications on performance, but the extent to which H-LLZO forms and its ability to

passivate further degradation reactions needs to be explored. This coupled with further

knowledge on H and Li individual ionic mobilities would be important for assessing the

suitability as a separator in aqueous cells. It might be that higher pH systemswouldwork

in this setup, acting to slow the exchange process.

6.6 Suggested Future Work

To localise the H and Li in the protonated sampled, in-situ neutron diffraction could

be carried out, in particular under different protonation conditions (temperature, partial

pressure of water). As the proton-lithium exchange experiments on the pellets were
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carried out under a small range of times, the experiment should be extended to include

longer immersion times. This could be monitored with the aid of a pH meter and with

ICP analysis of the resulting solution and pellet following the exchange. This will enable

an understanding of the nature of the equilibrated region of H-LLZO and to study its

transport properties using, for example, EIS and tracer diffusion experiments.

More information on the chemistry of grain boundaries and their reactivity with

moisture will be important to explain the dramatic resistivity changes following

water-immersion and proton exchange. This information will require the use of high

resolutionmapping in SIMS, and also scanning transmission electronmicroscopy (STEM)

analysis of lamellas in order to look at the atomic arrangements at the grain boundaries.

TOF-SIMS linescan-type mapping could be utilised for long diffusion length studies

following long exchange times.

More NMR and computational work to probe O-H bonding interactions in H-LLZO

is important to understand the stability and kinetics in H-LLZO. For example, using

D2O or
17
O-H2O, NMR might also be able to give improved structural information. Any

intercalation of water would be detectable by using
17
O-H2O.

Lithium tracer diffusionwork (Chapter 7) to find the lithiummobility in theprotonated

samples. Combining the effect of the proton-lithium exchange on the lithium kinetics

with tracer experiments would be interesting in order to probe the true Li transport in

the exchangedmaterial followingmoisture reactivity, and highly important to learn more

about the true nature of Li transport in the degraded material.

It has been proposed that a direct reaction with CO2 might involve removal of Li,

which is then compensated for by the creation oxygen vacancies [119]; to investigate this,

an experiment could be performed in which the oxygen in LLZO could be isotopically

labelled with exchange in
18
O gas, then allowing it to react with air or CO2 to form a

corrosion layer, using LEIS to determine the nature of the oxygen species in the corrosion

layer. As LEIS can distinguish between different isotopes of O, we can find out if the O

in the corrosion layer is formed with oxygen from within the garnet lattice (as it will be

enriched in
18
O versus

16
O isotopes).

Finally, the interaction of dopants on the extent of proton-lithium exchange and ionic

mobility will be another useful piece of information to correlate the ionic mobilities

in H-LLZO with the Li content, conduction pathways and structural distortion in the

material.
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Chapter 7

Lithium Isotopic Exchange, Diffusion
and Transport in Li7La3Zr2O12

This chapter provides details of various experiments used to investigate the lithium

diffusion properties of Li7La3Zr2O12 (LLZO). The primary focus is the development of

isotopic tracer methods coupled with secondary ion mass spectrometry (SIMS) for the

determination of lithium diffusion coefficients, D(Li), in the garnet electrolytes. A second

method for probing the lithium dynamics, solid state nuclearmagnetic resonance (NMR),

using pulsed field gradient and T1 spin-lattice relaxation measurements on LLZO, is

discussed. Diffusion coefficients for the lithium ions in LLZO as estimated from tracer

experiments, NMR and electrochemical impedance analysis are compared and used to

comment on the lithium transport mechanism in LLZO.

7.1 Lithium Isotopic Exchange Techniques

Measuring the diffusion of lithium in fast ionic conductors, such as LLZO, is currently

limited to a handful of techniques, dominated largely by the microscopic techniques

of NMR spectroscopy [48, 67, 134], muon spin-relaxation (µ+
SR) [51] and quasi-elastic

neutron scattering (QENS) [50], which are typically measured using powder samples

and probe long-range diffusion indirectly, measuring atomic scale lithium jumps. Pulsed

gradient NMR has recently been used for micrometre-scale (i.e. macroscopic) analysis,

using powder and membrane samples of LLZO [66], but requires high temperature

measurements and complex interpretation. To convert jump frequencies (probed on a

short length scale) into diffusivities, model assumptions have to be applied. Additionally,

the observed lithium mobility may be dependent on the particle size of the sample,

as the ions ‘turn around’ at the end of the particle, resulting in a decrease in the

apparent diffusivity for smaller particles [66]. A common macroscopic technique for

measuring lithium transport, electrochemical impedance spectroscopy (EIS), is an indirect

method which converts conductivity measurements to charge diffusivity Dσ
using the

Nernst-Einstein relation by assuming a mass concentration gradient and a Haven ratio of

unity (single charge carrier contribution). As EIS is not a priori lithium selective, it includes

contributions fromother charge carriers such as protons, so a number of assumptions have
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to be made with regard to the transport number of lithium in the system under study.

However, under favourable conditions, it allows the separation of processes with different

relaxation times under an alternating current, such as grain, grain boundary and interface

impedance. Neutron radiography (NR) has been used to measure macroscopic lithium

tracer diffusion coefficients in some materials [62, 63, 271], and works by virtue of the

large difference in neutron absorption coefficients between the two stable lithium isotopes.

These techniques and their relationship with long-range lithium diffusion are described

in more detail in Chapter 2.

In this section, a new methodology for determining lithium diffusion coefficients

involving stable tracer experiments is described, whereby a
6
Li:

7
Li isotope couple is

allowed to inter-diffuse and the resulting isotopic profiles are studied using SIMS analysis.

By using tracer experiments, a direct measurement for the diffusion coefficient is possible

without depending on model-based correction factors which are needed for, i.e. NMR

measurements of long-scale ionic motion. This is achieved by measuring the diffusion

profiles of the atoms of interest (lithium in this case) during the diffusion event, allowing

the measurement of true long-range diffusion on a macroscopic and easily visualisable

scale.

A limited number of tracer-based experiments can be found in the literature on

lithium-based systems using SIMS analysis on isotope couples. Some previous work has

been done using SIMS depth-profiling on the lithium thin film oxide
6
LiMn2O4 [272] by

applying a potential step across a liquid-oxide junction with
7
Li-enriched LiClO4, thereby

obtaining a chemical and electrical diffusivity of lithium ions. Amorphous α-Li3PO4 [55]

has also been studied, using a thin filmof thematerial coupled to either a liquid electrolyte

or a deposited thin film oxide, andmeasured using linescan analysis with SIMS following

annealing at different temperatures. Single crystal measurements on LiNbO3 [57, 58]

and γ-LiAlO2 [60], in which isotopically-enriched thin films are deposited on the single

crystals (solved as Case 2 for a solid-solid interface described in Chapter 2, Section 2.2.3),

have also been reported using TOF-SIMS analysis. These experiments were achievable at

elevated temperature ranges, with diffusion lengths in the several-hundred nanometres

range for the measurements owing to the relatively slow diffusion of lithium (with a

diffusion coefficient, D ∼ 10
−20

m
2
s

−1
at room temperature in LiNbO3).

Below a method for isotopic lithium exchange on LLZO, using an all-solid-state

method with lithium metal as the tracer isotope source, is introduced.

7.1.1 Solid State Diffusion Method

In this method, a metallic source of lithium tracer ions is used (
6
Li metal), which is

contacted on the natural lithium isotopic abundance LLZO pellet. This method was

selected to simulate the real setup of an all-solid-state lithium metal battery, enabling

the interface behaviour of the lithium metal with LLZO to be studied. Following the

contact of the
6
Li metal with the LLZO pellet, the diffusion of

6
Li from the enrichedmetal

source through LLZO is followed as a function of time (and distance), using focussed

ion beam (FIB)-SIMS depth-profiling, both through the interface of the metal-LLZO
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Li7La3Zr2O12

(“direct depth-profiling” method) and at varying distances from the lithium metal edge

(“sampling” method). Figures 7.1a and 7.1b show examples of the depth profile craters

for the two measurement types. FIB-SIMS depth-profiling was chosen as the desired

analysis method, owing to the ease of sample preparation (avoiding the need for cutting

and polishing post-exchange required for time of flight (TOF)-SIMS linescan analysis,

commonly used for
18
O exchange and diffusion [45]), whilst enabling relatively deep

depth profiles (several micrometres) to be made, which is not possible in the TOF-SIMS

depth-profiling mode.

This method does not include an equilibrium pre-anneal step, and the couple contains

two chemically non-identical parts, so the experiment is measuring a chemical diffusion

(DC) of
6
Li in LLZO, rather than a true self-diffusion; it is thus expected that themeasured

diffusivity here will be somewhat higher than the true self-diffusion D∗ in the absence of

a chemical gradient. The data obtained, given enough data points, could then be fitted to

a solution for diffusion from a source of changing concentration using a finite difference

simulationmethod, to find the diffusion coefficient D. The
6
Limetal used (SigmaAldrich)

is nominally 95.4%enriched, andLLZOhas anominal natural abundance isotopic fraction

(Cbg) of
6
Li equal to 7.59% [265]. The isotopic fraction of

6
Li, C(

6
Li), is given by Equation

7.1:

C(6Li) � I(6Li+)
I(6Li+) + I(7Li+)

(7.1)

This can be expressed as the normalised concentration of
6
Li , C′(6Li), by Equation 7.2:

C′(6Li) �
C(6Li) − Cbg(6Li)

Csource(6Li) + Cbg(6Li)
(7.2)

Cbg(
6
Li) is the background isotopic fraction of

6
Li, taken from the value in the bulk LLZO

and Csource(
6
Li) is the source concentration of the labelled species (i.e. the concentration

of
6
Li in the metal source).

7.2 Method Development

This section gives details of method development, including the optimisation of the

experimental conditions, and preliminary results for the tracer-based SIMS diffusivity

measurement experiment outlined above.

7.2.1 Secondary Ion Energy Spectrum

Firstly, an investigation into the energy offset for lithium ion detection in the SIMS setup

was made, using the enriched
6
Li metal source. In the secondary ion energy spectrum

(Figure 7.2) atomic molecular species (such as
6
LiH

+
) have a sharp peak at low energies,

whereas atomic species (i.e.
7
Li

+
) have a much broader distribution peaking at higher

energies. This can be used to discriminate against a molecular species occurring at the

same mass by using an energy offset. Ideally we want to be at the maximum in the
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(a) (b)

(c)

Figure 7.1: The solid state diffusion method: Pellet of LLZO with flat top surface,

partially contacted by
6
Li metal. (a) Li metal-LLZO interface depth profile craters (x2) in

the
6
Li-LLZO diffusion couple, referred to as the “direct depth-profiling” method and

(b) consecutive depth-profiling at increasing distances from
6
Li metal on the surface of a

natural abundance Li (
n
Li) LLZO pellet (

n
LLZO), termed the “sampling” method; (c)

schematic of the two methods.

atomic secondary ion signal for the best counting statistics and selectivity (or at about

20V in Figure 7.2). We can test the effect of the energy offset on the measured lithium

isotopic fraction by measuring short depth profiles in the nominally 95.4% enriched
6
Li

metal on a Si(001) wafer at different energy offsets for the
6
Li isotope in the FIB-SIMS.

This was carried out with offset voltages of 40V, 20V and 0V, and the resultant mean

6
Li isotopic fractions are given in Table 7.1. It can be seen that the closest value to the

expected isotopic fraction is found when using a voltage offset of 20V; however, there is

very little appreciable change arising from the offset voltage used in the 0 to 40V range.

As such, the value of 0.95 (2 significant figures) taken with a 0V offset is used as the value

for Csource(
6
Li) in the following exchange experiments. It is possible that this variation in

isotopic fraction would be more pronounced in LLZO, as the concentration of
6
Li is much

lower, reducing the counting statistics and leading to greater error in the determination

of the lithium isotopic fraction.
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Figure 7.2: FIB-SIMS secondary ion energy spectrum for m/z � 7 species; measured on

6
Li metal.

Table 7.1: Measured
6
Li isotopic fractions C(

6
Li) on

6
Li metal, with different voltage

offsets.

C(6Li) from
specification

C(6Li) 0V
offset

C(6Li) 20V
offset

C(6Li) 40V
offset

Mean 0.954 0.9487 0.9548 0.9569

Deviation
from
specification

- -0.0053 +0.0008 +0.0029

Standard
deviation - 0.0005 0.0015 0.0022

7.2.2 Verification of Isotopic Exchange

Thefirst stage in the development of a solid statemethod formeasuring lithiumdiffusivity

involved the creation of a diffusion couple of
6
Limetal andLLZOpellet. Due to limitations

when handling the materials (the
6
Li metal needs handling in an inert atmosphere and is

provided in large chunks in mineral oil which need to be cut and flattened to the desired

shape), a crude couple was made in which the
6
Li metal was placed onto half of the

surface of a semi-circular LLZO pellet and pressed down, with a sharp edge made with a

scalpel, illustrated in Figure 7.1c. After leaving for some time at room temperature in the

glove box, themetal had fallen away from the pellet (nominal composition Ge0.05-LLZO),

leaving some small regions where the metal remained adhered to the surface. It is likely

that the poor cleanliness of the sample resulted in part of the metal reacting and coming

away from the pellet, as later analyses inwhich the handlingwas better controlled ensured

the metal was well contacted and did not come away. The sample was transferred in an

argon-filled container to the FIB-SIMS instrument for analysis after the
6
Limetal had been

in contact with the LLZO pellet for an exchange time of 17 hours.

From EIS measurements on the same sample, the length at which background
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concentration is reached was estimated to be approximately 140µm, using x′ � x
2

√
Dt

equal to 2 (i.e. x � 4sqrt(Dt) (see Chapter 2, Section 2.2.3 for discussion) and the

Nernst-Einstein conductivity-diffusivity relationship. Table 7.2 summarises these values.

Table 7.2: Estimated diffusion length x for x′ � 2 from exchange time t and diffusivity

Dσ
calculated from EIS conductivity measurements for the first

6
Li isotopic exchange

experiment.

Room
temperature
conductivity σ,
from EIS

Calculated room
temperature

diffusivity Dσ ,
from

Nernst-Einstein

Exchange time t
Length x, from

x � 4
√

Dσ t

3 × 10−5
S cm

−1
2 × 10−14

m
2
s

−1
17 hours 140µm

Subsequently, a mass spectrum in positive secondary ion mode with 2.7 nA primary

ion beam current was taken at 500µm from the edge of the position where the lithium

metal was attached (chosen to be much larger than x � 4

√
(Dt)), and the

6
Li isotopic

fraction C(
6
Li) here was found to be 0.0764, which is in agreement with the literature

background value of 0.0759 [265]. Hence, this is taken as the Cbg value in this experiment.

Next, a series of depth profiles were taken at increasing length intervals from the edge

of the original location of the
6
Li metal (Figure 7.3a), as marked by a piece of residual

6
Li (white region in Figure 7.3a). Depth profiles of around 3µm depth and with crater

size 15µm by 15µm were taken with a primary ion beam current of 5 nA. It was hoped

the change in isotopic fraction of
6
Li in Ge0.05-LLZO could be followed as a function of

distance from the
6
Li source.

Each depth profile was collected under dual polarity detection mode, as a function

of depth. The primary SIMS beam used is
69
Ga

+
. To correct for surface roughness and

sputter rate and to allowbetter comparisonbetweenanalyses, the reference secondary ions

16
O
−
and

69
Ga

+
are used, with other secondary ion species given as ratios of intensities

with respect to these species in some figures.

The first depth profile (Labelled 1 in Figure 7.3a and shown in Figures 7.3b to 7.3d)

involved sputtering through a small amount of
6
Li metal still adhered to the surface,

which has a mean measured isotopic fraction C(
6
Li) here of 0.62 (from Equation 7.1).

At about 2.5µm depth, the interface with the LLZO pellet is reached, indicated by the

sudden increase in LaO
+
counts (Figure 7.3b). There is also a crossover in the dominant

lithium isotope counts here, and C(
6
Li) drops to 0.42 (Figure 7.3d). The fluctuations in

ion counts in the
6
Li metal region are likely due to the roughness of the metal (which

has probably reacted with air during the short transfer step to the FIB-SIMS instrument).

This small piece of
6
Li metal remaining on the surface is too small to act as a semi-infinite

source of
6
Li isotope, and itself undergoes lithium exchange, dropping from a C(

6
Li) of

0.95 to a C(
6
Li) of 0.62 after 24 hours total exchange time.

An estimate of the number of Li ions exchanged can be calculated from this drop of

65.2% : assuming complete contact of
6
Li metal in a piece measuring about 3µm thick
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with 30µm radius and thus containing approximately 4x10
14

Li atoms, this represents a

net flux of Li of 2.6x10
14
Li atoms in 24 hours across the Li/LLZO boundary. Half of these

correspond to
6
Li ions moving into LLZO, and vice versa (1.3x1013

Li), corresponding to a

rate (or flux) of 5.4x10
13

Li cm
−2

s
−1
.

This evidences the mass transport between LLZO and the
6
Li metal in the absence of

an applied electric field. Understanding the surface exchange (or flux of lithium) across

this solid/solid interface in terms of mass transport (in addition to charge transport, as

probed by EIS) is an important step towards comprehending the dynamic processes at

these electrode-electrolyte interfaces.

(a) (b)

(c) (d)

Figure 7.3: (a) Location of the first four FIB-SIMS depth profiles for isotopic ratio

measurements on the
6
Li/Ge0.05-LLZO couple, with increasing distance from the

6
Li

source (bottom of image), taken as a secondary electron image. FIB-SIMS depth profile

number 1, through the
6
Li metal/LLZO interface: (b) positive secondary ions

6
Li

+
,

7
Li

+

and
155

(LaO)
+
with intensities I, divided by intensity of

69
Ga

+
secondary ions; (c)

negative secondary ion
16
O
−
and

12
C
−
intensities; (d)

6
Li isotopic fraction, C(

6
Li). The

interface boundary between the
6
Li metal and the LLZO pellet is located at

approximately 2.5µm depth in the figures. The crater size is 15µm by 15µm and the

primary ion beam current is 5 nA, giving a dose rate of 1.4x10
16

ions cm
−2

s
−1
.

A summary of the C(
6
Li) in the depth profiles taken at increasing distance from the

edge of the
6
Li source is given in Figures 7.4a to 7.4c. There is a general trend of decreasing

C(
6
Li) at a given depth in each depth profile with increasing distance from the

6
Li metal,

which tends towards the isotopic background Cbg value, of 0.0764, between 200 and
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500µm. A plot of effective distance from
6
Li source against isotopic fraction measured

(Figure 7.4c) converts each data point in the depth profiles to a value in terms of distance

from the
6
Li metal, treating it as a point source. Crudely taking the length, x, at which

Cbg is reached, we can estimate the chemical diffusivity, DC(
6
Li), from x � 4

√
(DCt). For

values of x between 200 and 500µm, DC(
6
Li) is 5 × 10−14

to 2 × 10−13
m

2
s

−1
. This is greater

(faster diffusion) than the Dσ
value predicted from EIS measurements, and is expected to

be larger than the self-diffusion as it is a chemical diffusion that is being measured here.

(a) (b)

(c)

Figure 7.4:
6
Li isotopic fractions C(

6
Li) for FIB-SIMS depth profiles at varying distances

from the
6
Li metal source. (a) Overlay of depth profiles at 15 to 230µm distance from the

source; (b) C(
6
Li) values of each depth profile at 2.5µm depth (the isotopic fraction of the

surface mass spectrum at 500µm is given too); (c) data points at 15 to 500µm from the

source, showing C(
6
Li) at an ‘effective distance’ from the source, calculated from the

depth at which the data point is collected and distance of the centre of the depth profile

along the pellet surface from the source of
6
Li. The primary ion beam dose rate is

1.4x10
16

ions cm
−2

s
−1
.

From the depth profiles, it is clear that there is a variation in the measured
6
Li

isotopic fraction with depth of measurement in the same depth profile. In particular,

the beginnings of each profile (the first 0.5µm in profiles #2 to #5, Figure 7.4a) show lower

C(
6
Li) than the rest of the profile. This change with depth suggests that there may be both

surface andbulkdiffusionoccurringwithdifferent kinetics, or somechange in thedetected

lithium isotope concentrations with depth due to measurement effects. In addition, as

seen in Figure 7.3d and discussed previously, the changing source concentration of
6
Li
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Figure 7.5: FIB-SIMS surface positive ion mass spectrum (where m/z is mass to charge

ratio) over 100µm by 100µm area of LLZO pellet after
6
Li exchange, with 300 pA

primary ion beam current, giving a dose rate of 1.9x10
13

ions cm
−2

s
−1
.

(the metal is not acting as a large enough reservoir) will complicate the interpretation

here.

7.2.3 Mass Interferences and Surface Chemistry

To investigate these surface phenomena, the presence of interferences with the samemass

as the lithium species (with a mass to charge ratio, m/z, of 6 or 7) was explored by taking

mass spectra at the surface of LLZO, shown in Figure 7.5.

The mass spectrum in Figure 7.5 shows species indicative of matrix species in LLZO

detected as Li
+
, LaO

+
and ZrO

+
secondary ions,

69
Ga

+
species from the primary ion

beam, as well as additional, largely carbon-based, peaks. C
+
and

7
LiH

+
are examples

of detected secondary ion species which could result in possible interferences and affect

the measured C(
6
Li), if their partner species C

++
(m/z � 6) and

6
LiH

+
(m/z � 7) exist.

We can try to correlate the presence of other carbon species with the existence of a C
++

2

species in the depth profiles; however this is not straightforward owing to differences in

ionisation behaviour of the species.

Previous results (Chapter 6) show that corrosion layers of LiOH and Li2CO3 form

on the surface of the garnet pellets during air exposure, resulting from proton-lithium

exchange processes, in addition to the creation of a lithium-depleted, proton-richH-LLZO

region immediately below the corrosion products. It was shown that the storage and

transfer of LLZO from the glove box into the air is enough to observe LiOH formed at the

surface, in the first 0.1µm of depth profiles of the samples, and a sample with a history

of handling in air will definitely have been subject to corrosion processes.

The Ge0.05-LLZO pellet used in the first set of diffusion experiments had previously
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Figure 7.6: Schematic of possible Li diffusion pathways in a LLZO grain which has

undergone proton-lithium exchange; (left hand image): showing the different regions of

LLZO (proton-rich H-
n
LLZO and lithium-rich

n
LLZO, and region of H

+
diffusion,

where n indicates natural isotopic abundance lithium), corrosion product (LiOH), and

the diffusivity of
6
Li through these regions (arrows), giving rise to the observed

6
Li

isotopic fraction profile with depth (right hand image).

been exposed to air (for example, during EISmeasurements) prior to the lithium exchange

experiment being carried out, so the diffusion profiles seen in Figure 7.4a would be

subject to the effect of these corrosion products (also illustrated in the poor adherence of

the
6
Li metal on the pellet described previously). These layers may have an effect on the

observed lithium isotopic fraction at the surface - and deeper into thematerial - by altering

the diffusive behaviour of lithium at the surface (corrosion layers, likely low D(Li)) and

near-surface (H-LLZOregion, seen inChapter 6 to have lower lithiummobility), compared

to the bulk LLZO material. The
6
Li diffusion would have to proceed via a complicated

multi-layered pathway (illustrated in Figure 7.6), through regions of corrosion phases

(LiOH and H-LLZO), each with a different lithium diffusivity and exchange coefficient

at each interface. A region of low diffusivity close to the surface followed by fast bulk

diffusion would give rise to the observed shape of
6
Li isotopic fractions seen in Figure

7.4a (schematic in Figure 7.6).

By using the multiple-sampling method, taking consecutive depth profiles from the

6
Li source, we can at least assume that each depth profile has the same surface and

interference species, so we are able to take a direct comparison of the profiles on the

same sample and negate these surface effects. The effect of surface roughness was also

investigated but not discussed here (see Appendix A.6).

7.2.4 Charging Effects

Another aspect of the experimental procedure was investigated - the role of sample

charging during measurement. That the incoming positively charged ion beam induces

positive charges on the sample surface, thus changing the secondary ion extraction

potential (see the secondary ion energy curve, Figure 7.2), is often a problem during SIMS

depth-profiling of electronically-insulating materials. This in turn results in an altered

energy of extracted secondary ions, with the outcome that extracted secondary ions may
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shift out of the energy acceptance window [274]. This effect can beminimised/avoided in

the FIB-SIMS by tuning the detector to adjust the energy acceptance window, using metal

clips on the sample to act as a ground between the sample and the metal sample holder

and performing analyses close to the clip.

However, during heavy sputter processes, where a large primary beam current is

applied over a small area, orders of magnitude more positive charges are induced on

the sample surface, and high-mobility ions may migrate away from the region of positive

charge (into thebulk). This results in anartefact in the iondistribution causedbymigration

of the ion in the electric field. This is especially problematic in insulating materials such

as SiO2 embedded with alkali metals [274].

To investigate the effect of charging, experiments were performed on an undoped

LLZO pellet sample with and without the application of a tungsten needle at the surface

adjacent to the area under analysis. An in-situ micromanipulator (Kleindiek) was used

for touching the needle down onto the samples. The samples were (as always), attached

to the metal sample holder with the use of a steel clip measuring about
1

2
to

1

4
the total

surface area of the pellet sample. Both mass spectra and depth profiles were taken of the

same area. A comparison is given in Figure 7.7.

It appears from the results of these experiments that using a tungsten needle has some

effect on the measured secondary ion signals during depth-profiling, but that the metal

clip and sample holder are enough to prevent charging of the (nominally electronically

insulating) sample under these conditions, as the ions are not seen to migrate away from

the primary ion beam in both cases - they remain stable with depth in the bulk material.

The energy window of lithium detection for both isotopes is not shifting appreciably

during measurement, as indicated by the similar isotopic fraction profiles with and

without using a needle (Figures 7.7c and 7.7d), which means we are sitting at a good

energy offset value for atomic lithium detection in both
6
Li and

7
Li isotope cases.

The relative intensities of the ions do differ (Figures 7.7a and 7.7b.), in that the

7
Li

+
/LaO

+
ratio increases on contacting the tungsten needle on the surface, and the

69
Ga

+
counts rise slightly with depth greater than 1µm. The other ion intensities also

display a sharper/faster drop to stable counts when the needle is applied; they drop to

their plateau values at ∼ 0.5µm depth compared to ∼ 1µm in the sample without needle

contact.

The mass spectra data (Figures 7.7e and 7.7f) also show that on applying the needle,

the Li counts are slightly higher, but all other species are reduced in counts (also in line

with the depth profiles).

It should be noted that the Ga
+

primary ion beam is operating under dynamic

sputtering conditions (dynamic SIMS, see Chapter 4) from the beginning of the depth

profiles under these conditions (1 nA current over 15µm by 15µm crater area). The dose

of theGa
+
ions is the number of ions that are impacted and absorbed by the target through

a given area. Beam current is a measure of the rate of flow of energy (or ion delivery

per unit time), with units of Amperes, equivalent to charge per unit time, C s
−1
, where

1C � 6.242x10
18

electrons. The flux is the dose as a function of time. For example, the
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(a) (b)

(c) (d)

(e) (f)

Figure 7.7: Effect of a tungsten needle contact on LLZO pellet. Depth profiles over 15µm
by 15µm area with with 1 nA primary ion beam current (giving a dose rate of 2.8x10

15

ions cm
−2

s
−1
), with and without a tungsten needle: (a,b) intensities of secondary

positive ions
7
Li

+
,

6
Li

+
,

155
(LaO)

+
and

69
Ga

+
; (c,d) C(

6
Li) isotopic fractions (IF); (e,f)

positive ion mass spectra with 300 pA primary ion beam current rastered over 100µm by

100µm area (giving a dose rate of 1.9x10
13

ions cm
−2

s
−1
).

amount of Ga
+
ions impacting the crater area per unit time is given by 1x10

−9
x 6.242x10

18
.

This is equivalent to 6.242x10
9
ions/s. Dividing by the crater area, 225µm2

, gives a flux

of 2.77x10
15

ions s
−1

cm
−2
. So after 1 second, the dose is 2.77x10

15
ions cm

−2
. This is

above the 10
15

ions cm
−2

threshold for the steady state regime for dynamic SIMS from

the outset, which means that the primary ion implantation and removal processes are
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equally matched during the depth-profiling.

7.2.5 Thin Film Lithium-6 Sources

Another important issue in the development of a solid state diffusion experiment route

is to enable maximum contact at the interface of the Li metal and LLZO, to ensure the

diffusion is across a homogeneous boundary in a system of interest for solid state battery

development.

Because of the difficulties in handling and controlling the thickness and cleanliness

of the
6
Li metal (which was provided by the supplier in large chunks in mineral oil),

some experiments were attempted in which Li metal was evaporated onto the surface of

Al0.15-LLZO pellets by thermal evaporation. Thermal evaporation is a common method

of physical vapour deposition (PVD) and uses a resistive heat source to evaporate a solid

material in a vacuum environment to form a thin film. The material is heated in a high

vacuum chamber to produce a vapour stream, which traverses the vacuum chamber with

thermal energy and coats the substrate [275].

In these experiments, thermal evaporation was performed using a Lesker Spectros

instrument, with the help of Mr Roland Leber of Dr Heutz’s research group at Imperial

College London. Because the instrument is purged with N2 gas, the setup involved the

use of a capping layer to prevent the reaction of the lithium metal to form Li3N.

Aluminium/Lithium Thin Films

Owing to time constraints, and difficulties with the system, the first set of samples were

coated with Li metal (50 nm, monitored by a quartz microbalance) and capped with Al

metal (20 nm). A Si(001) wafer was also used as a reference and coated along with the

Al0.15-LLZO pellets. When analysed in the FIB-SIMS, depth profiles of the samples

(Figures 7.8a to 7.8d) showed an OH
−
secondary ion peak in the samples which was most

pronounced in Al0.15-LLZO between the bulk substrate and the Al top coating. Because

theOH
−
peak is present in the Si(001) sample, it is likely that it arises fromLiOHproduced

when the Li metal film reacts with air after removing the sample from the evaporating

chamber. This implies the Li is not sufficiently protected by the Al layer. There could be

a more pronounced peak on the Al0.15-LLZO substrate owing to the known reactivity of

LLZOwith air to form hydroxide species. Wewere unable to transfer the substrates to the

evaporation chamber without exposing them to the air - which could have led to some

LiOH formed during reactivity of Al0.15-LLZO in air prior to deposition of the films.

There also appeared to be some intermixing between the thin film layers, probably as a

result of them being too thin, as the edges of each layer is not very sharp in the depth

profiles. Depth profiles are given in terms of sputter time rather than depth, as the sputter

rate changes through the layers and sputter time is not linearly correlated to depth.
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(a) (b)

(c) (d)

Figure 7.8: FIB-SIMS depth profiles showing secondary ion intensities taken at 386 pA

over a crater area 15µm by 15µm of Al and Li films deposited on: (a,b) Al0.15-LLZO,

crater depth 0.5µm; and (c,d) Si(001) wafer, crater depth 0.8µm. The primary ion beam

dose rate is 1.1x10
15

ions cm
−2

s
−1
.

LiF/Lithium Thin Films

To enable faster deposition, and obtain a thicker set of thin film layers, LiF was next used

instead of Al as a capping layer, as it can be heated more quickly than metallic sources.

100 nm of Li metal was capped by 50 nm of LiF.

However, because of the time still taken to deposit the two layers (several hours

in total), and the temperature changes during deposition it was decided, that for the

lithium isotopic diffusion experiments, to use a natural isotopic abundance Li metal for

the deposited layer, and to apply the tracer
6
Li metal afterwards. This way the diffusion

process occurs within a user-defined short time at room temperature. Figure 7.9 shows

unexchanged profiles for the LiF/Li/Al-LLZO sample. We again observed an OH
−
peak

in both Si(001) and Al-LLZO samples, which appears at the interface of the Li and LiF

layers (around 50 to 100 s sputter time in Figure 7.9c), likely occurring due to reactivity

of the Li during unclean handling. The mean lithium isotopic fraction is 0.077, and there

are clear differences in sputter rate throughout the layers, indicated by the large changes

in ion counts (particularly
69
Ga

+
, seen in Figure 7.9b). Normalising positive ion counts

to the
69
Ga

+
counts (Figure 7.9d) allows the difference in sputter rate to be removed, and

shows the bulk Al0.15-LLZO is reached between 100 to 200 s sputter time.
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(a) (b)

(c) (d)

Figure 7.9: FIB-SIMS depth profiles on LiF/Li/Al0.15-LLZO sample (100 nm Li, 50 nm

LiF); crater has dimensions 15µm by 15µm, depth approximately 1µm. the primary ion

beam current is 1 nA, giving a dose rate of 2.8x10
15

ions cm
−2

s
−1
. (a) C(

6
Li) isotopic

fraction; (b) positive secondary ion intensity; (c) negative secondary ion intensity; (d)

positive ion intensity I given as a ratio to
69
Ga

+
intensity.

6Li Exchange with LiF/Lithium Thin Films

Next,
6
Li metal was applied to the layered LiF/Li/Al-LLZO sample to create a diffusion

couple, and depth profiles were taken at increasing distances from the edge of the
6
Li

metal. Figure 7.10a shows the first set of depth profiles measured 5 hours after applying

the
6
Li metal. They are located 180µmand 420µm from the source, with depths of 0.7µm

and 1µm, respectively. C(
6
Li) for both depth profiles begins at the background level

(until about 0.2µm depth), corresponding to a degraded region of LiF/Li on top of the

Al0.15-LLZO pellet where Li diffusion is slow (seen from the negative depth profiles of

the unexchanged sample under the same conditions, Figure 7.9c). The isotopic fraction

then increases with depth for some time until a plateau is reached. The maximum C(
6
Li)

increases with proximity to the
6
Li source. This implies that Li exchange is occurring in

Al0.15-LLZOas it is becoming enriched in
6
Li, but that diffusion occurs slowly through the

LiF/Li mixed layer which has reacted with the air, again showing differences in surface

and bulk Li diffusion, akin to the first experiments performed on bare LLZO with
6
Li

metal.

The analysis was performed a day later on the same sample, with isotopic fraction
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depth profiles in Figure 7.10b. The same behaviour is seen for the samples analysed on

the same day as the exchange started, with increasing maximum concentrations of
6
Li

as the distance from the metal source decreases, except that on day 2 the background

concentration (0.077) is reached more slowly (at longer distance) than on day 1, as the Li

has been diffusing through Al0.15-LLZO for longer. A summary of all 5 depth profile

measurements is given in Figure 7.10d, showing the isotopic fraction C(
6
Li) at 1µmdepth

for each of the depth profiles measured.

We can very crudely estimate the Li diffusivity in the sample from the data points in

Figure 7.10d, by estimating the length x at which background is reached on day 1 and

day 2, and using x � 4

√
Dt to find D, where t is 5 hours on day 1 and 24 hours on day 2.

The values are summarised in Table 7.3, and show that D found from these experiments

is of the same order of magnitude as Dσ
(Li) expected from Nernst-Einstein conductivity

conversions from EIS on Al0.15-LLZO (assuming that the number of charge carriers is

equal to the total number of Li ions in the garnet).

Table 7.3: Estimated Li diffusivity from length x for x′ � 2 and exchange time t in

6
Li/LiF/Li/Al0.15-LLZO isotopic exchange experiments, from Figure 7.10d.

Day of 6Li
exchange

Exchange
time t
(hours)

Length x from
Figure 7.10d

(µm)

Diffusivity D,
from

x � 4
√

Dt
(m2 s−1)

EIS-estimated
diffusivity Dσ

Day 1 5 400-600 5 − 8x10
−13 ∼ 5x10

−13

Day 2 24 600-800 3 − 5x10
−13 ∼ 5x10

−13

This method shows promise in creating a LLZO/Li couple which has intimate contact

between layers, ideally using a thick lithium metallic film only, which can later be

contacted to a source of
6
Li using

6
Li metal. Using a labelled

6
Li metallic film deposited

directly would be ideal for ensuring that the diffusion occurs directly from the metal

into the garnet, without an additional diffusion layer and could be used with the direct

depth-profiling or linescan method using TOF-SIMS; however, as seen before in Section

7.2.2with the decrease in C(
6
Li) of the residualmetallic isotope source, the filmwould also

be no longer acting as a semi-infinite
6
Li source and would quickly deplete in

6
Li, which

could complicate the interpretation of diffusion profiles unless very short exchange times

were used. Any thin-film method would need to be performed with an instrument with

a modified setup from the current system used here, to prevent any reaction of garnet or

metal in the diffusion couple - ideally coupled to a glove box, using argon purge gas in

the PVD chamber and using a transfer module to carry to the FIB-SIMS to ensure the Li

metal is protected. The cleanliness of the setup is critical for ensuring intimate contact of

the diffusion couple and accurate determination of diffusion coefficients.
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(a) (b)

(c) (d)

Figure 7.10:
6
Li isotopic exchange depth profiles using

6
Li metal source on

LiF/Li/Al0.15-LLZO sample (100 nm Li, 50 nm LiF), at increasing distance from
6
Li

source. The primary ion beam dose rate is 2.8x10
15

ions cm
−2

s
−1
. (a) Isotopic fraction

depth profiles 1 to 2 measured on day 1 (5 hours exchange time); (b) depth profile

isotopic fractions 3 to 5 measured 1 day after the exchange started (day 2, 24 hours

exchange time); (c) positive secondary ion counts normalised to Ga
+
in depth profile 3;

(d) summary of
6
Li isotopic fractions at 1µm depth as a function of distance from

6
Li

metal.

7.2.6 Summary of Solid State Diffusion Method

The solid state lithium tracer diffusion method using SIMS and a
6
Li metal/LLZO

diffusion couple is a macroscopic method for following the mass transport of lithium in

LLZO pellets. It has a number of experimentally-related difficulties which, if overcome,

would make it a highly valuable tool in evaluating lithium diffusivity in garnets and

other lithium conducting materials. Results can be correlated with other experimental

techniques to contribute to a fuller understanding of lithium transport mechanisms in

these systems.

The work introduced here shows that sample handling and cleanliness prior to the

exchange experiment being performed are key for ease of interpreting diffusion profile

data - this can be clearly linked to the reactivity of LLZO in the presence of moisture

and CO2 as discussed in Chapter 6. Surface and bulk differences in Li diffusivity arise

from the formation of corrosion and altered layers following lithium-proton exchange

processes, and contamination of LLZO surfaces with carbon-based impurities; these
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protonated phases have much lower lithium diffusivities than the fast Li-conducting

LLZO. Obtaining
6
Li metal is difficult, and requires careful cleaning and handling of the

material, so using
6
Li-enriched LLZO made from

6
Li2CO3 or other suitable precursors

and making a diffusion couple with natural abundance lithium metal, which is available

as thin sheets, may be sensible.

The relative masses of the metal and the LLZO pellet are important to know if we are

in a semi-infinite diffusion regime, where the amount of Li atoms available for exchange

in the metal is far in excess of the number of Li atoms in LLZO, as the fitting of the

resulting diffusion profiles depends on these boundary conditions.

Interface considerations are also important, as the quality of the Li metal/LLZO

contact will affect the diffusion profiles obtained (and whether we model the source as a

point source or plane sheet).

Finally, owing to the inherently fast diffusion of Li in the garnetmaterial, which reaches

10
−13

m
2
s

−1
at room temperature, timings have to be carefully considered to ensure the

beginning of the diffusion profile can be measured in order to accurately fit k and D
using finite difference simulations, rather than leaving it too long for the Li to diffuse and

consequently measuring a flat profile. To enable this, linescan analyses with TOF-SIMS

(measuring diffusion lengths of several hundred micrometres) could be used; however,

this requires cutting and polishing the exchanged sample with care to prevent reactions

of Li metal and LLZO.

The advantage of the direct depth-profiling over the linescan method is the ability to

select regions within grains, therefore ensuring in-grain diffusion only is measured. In

the case of a large-area measurement (i.e. linescan analysis, large area depth profiles, or

multiple sampling methods), grain boundary effects may also be distorting the diffusion

profile - leading to a long tail in the profile, as in the case of fast Li diffusion along the

grain boundaries. This would be a useful parameter to quantify, especially in light of

the findings in Chapter 6 which found the grain boundaries to be very susceptible to

proton-lithium exchange.

7.3 Nuclear Magnetic Resonance Results

Solid state NMRmeasurements were carried out in Professor Grey’s group at Cambridge

University in collaboration with Dr Lauren Marbella and Steffen Emge. Pulsed field

gradient (PFG)NMRmeasurementswere conducted to extract the Li diffusion coefficients

for the garnet samples, and measured over a range of temperatures to give the activation

energy. Variable temperature T1 (spin-lattice) relaxation experiments were also used to

measure the activation energies for Li ion hopping.

7.3.1 7Li Pulsed Field Gradient (PFG) NMR

Preliminary room temperature PFG NMR measurements were made in which the time

that the Li ions were allowed to diffuse during the experiment was varied to determine

the length scales that could be probed within the experiment (see Appendix A.5.1 Figure
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Figure 7.11: Variable temperature PFG NMR data for Ga-, Ge-doped and undoped

LLZO powders used to derive activation energies, Ea.

A.6). This was followed by variable temperature PFG NMR over the temperature range

120 to 180
◦
C (140 to 180

◦
C for Ga-LLZO), Figure 7.11, using typical diffusion times

∆ of 50 to 150ms (which was expected to be probing the equilibrated Li diffusivity,

close to that expected for tracer diffusion). It was found that the apparent
7
Li diffusion

coefficient for a Ga0.15-LLZO powder sample is 6.2 × 10−13
m

2
s

−1
at room temperature,

which is very close to that expected from impedance measurements (see predicted

values in Table 7.4), and corresponds to room temperature lithium conductivities of

10
−3

S cm
−1
. Undoped LLZO (partly cubic-stabilised with Al from the crucible, measured

by inductively coupled plasma (ICP) spectroscopy to contain 0.16 Al atoms per formula

unit) had a room temperature
7
Li diffusivity of 6.5 × 10−15

m
2
s

−1
, which is lower than

the EIS-derived diffusivity by about one order of magnitude. The Ge0.10-LLZO powder

sample had a room temperature diffusion coefficient of 2.6 × 10−15
m

2
s

−1
, which is two

orders of magnitude lower than predicted from EIS. The EIS-derived diffusivities assume

the number of available charge carriers to be equal to the amount of Li in the garnet lattice

which, according to some papers, may be an overestimate [50, 51, 150]. In this case, we are

overestimating the diffusivity by applying this assumption. In addition, the discrepancy

may be caused by the effect of grain boundaries or particle size (a large low Li mobility

grain boundary contribution or small particle sizes resulting in ion ‘turn around’ and

a reduced apparent diffusivity in the NMR measurements). It might also be that the

sample degraded over time before NMRmeasurement. The activation energies were also

extracted using the PFGNMRmethod, and are summarised in column 3 of Table 7.5. The

activation energies are in good agreement with the EIS-derived values.
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Table 7.4: Room temperature diffusion coefficients D(Li) for three LLZO samples as

predicted from EIS measurements, and experimentally measured values from PFG NMR

experiments. Where sample composition was measured using inductively coupled

plasma (ICP) spectroscopy, the measured dopant stoichiometry is given.

Sample
Nominal composition
or stoichiometry from
ICP

Conductivity,
from EIS
(S cm−1)

Predicted
diffusivity D,

from EIS
(m2 s−1)

Diffusivity
D, from

PFG NMR
(m2 s−1)

Ga0.15-LLZO Li6.55Ga0.15La3Zr2O12 1.2x10
−3

8.2x10
−13

6.2x10
−13

Ge0.10-LLZO Li6.6Ge0.1La3Zr2O12 10
−5

to 10
−4

10
−15

to 10
−14

2.6x10
−15

ICP: Ge=0.05, Al=0.12 6x10
−4

3.8x10
−13

’undoped’ cubic
LLZO

Li7−3xAlxLa3Zr2O12

ICP: Al=0.16

3.8x10
−5

2.4x10
−14

6.5x10
−15

Table 7.5: Activation energies from EIS, PFG and T1 NMR measurements of LLZO

samples.

Sample Activation
energy (eV), EIS

Activation
energy (eV), PFG

NMR

Activation
energy (eV), T1

NMR

Ga0.15-LLZO 0.17 0.14 0.094

Ge0.10-LLZO ∼ 0.4 0.43 0.134

’undoped’ cubic
LLZO ∼ 0.4 0.32 -

7.3.2 7Li Spin Lattice Relaxation (T1) NMR

7
Li spin-lattice relaxation (T1) values were measured as a function of temperature in the

temperature range 20 to 180
◦
C in order to extract activation energies forGa- andGe-doped

LLZO samples (see column 4 of Table 7.5 and Appendix A.5.2 Figure A.7). These were

fitted using an Arrhenius fit to extract the activation energies. In general, the activation

energies measuredwith this method are lower than those obtained by EISmeasurements.

The absolute values of the activation energies are sensitive to different length scales and

degrees of long-range order probed by each technique. NMR T1 data is highly sensitive

to local ion hopping, such as the rapid oscillation over the low energy barrier between

the split Li sites (octahedral and tetrahedral). In tracer techniques this local oscillatory

behaviour is averaged out and only long-range ionic transport in the bulk contributes,

whereas EIS data contains contributions from the entire sample, including grain boundary

resistance, unless the responses from thedifferent contributions are clearly separable. This

is likely to be the reason for the lower Ea values from T1 NMR experiments.
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7.4 Summary

Owing to the importance of lithium oxides for lithium ion batteries as electrode materials

and solid state electrolytes, the scientific effort on the realisation of relevant diffusion

experiments needs to be significantly improved. More tracer-based experiments are

especially necessary to obtain reliable comparative data to established non-tracermethods

like impedance spectroscopy or nuclear magnetic resonance spectroscopy, which probe

diffusion and conductivity on different time and length scales.

This chapter included the preliminary development of a macroscopic tracer diffusion

technique, using lithium stable isotopes and SIMS analysis, to determine the long-range

lithium transport in LLZO electrolytes, highlighting the challenges in designing a

workable experiment. By comparing the results of this method with microscopic (EIS

and T1 relaxation NMR) and other macroscopic techniques (PFG NMR), as well as

computational studies in the literature, we can begin to build a picture of the true nature

of lithium diffusion in LLZO.

As discussed in Chapter 2, Section 2.2.4, when comparing macroscopic (long-range

diffusive processes) andmicroscopic (local, atomic scale influences)measures of diffusion,

a correlation factor is used to account for the non-ideality of the macroscopic diffusion

process and is defined by the ratio of the two diffusion coefficients [40, 41]. This chapter

uses diffusion coefficients derived from EIS measurements, PFG NMR and chemical and

tracer diffusion (SIMS tracer experiments). The errors associated with the derivation of

these diffusion coefficients from EIS and also the tracer diffusion measurement are very

large here, and these results are very qualitative, and must be considered as work in

progress.

Amongst the NMR samples, only the Ga-LLZO PFG NMR and EIS derived values

for diffusivity are in agreement (with the activation energies in good agreement for all

samples, see Section 7.3). This also suggests that both long-range charge transport (EIS)

and local mass transport (NMR) are linked in Ga-LLZO and suggests that the motion of

Li on both macroscopic and microscopic scales are equivalent, implying the motion is to

some extent uncorrelated, and only related to short-range local hops. This is contrary to

the literature consensus of correlated lithium motion in garnets. It is unclear why this

is seen here, and only for Ga-LLZO. The NMR extracted diffusivities can be thought to

approach tracer-diffusion values for long relaxation times (see Appendix A.5.1 for plots

of Dapparent and mean square displacement (

√
x2
) as a function of diffusion time ∆).

When comparing chemical diffusivities DC measured by isotopic exchange and

extracted over large areas using the multiple profiling method with the EIS derived

diffusivities, Dσ
, the chemical diffusion coefficients were found to of the same order of

magnitude or slightly higher than the EIS-derived values. The Haven ratio links the

tracer diffusion to the EIS-derived charge transport diffusivity, and exceeds unity when

the diffusion proceeds by correlated motion. In this case, we have not found true self

(tracer) diffusion; rather, we have measured chemical diffusion. Here the relative values

of DC and Dσ
might indicate some extent of correlated motion of Li (a Haven ratio of

≥ 1), where the chemical diffusion measured here is expected to be larger than the tracer
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diffusion D∗. This would need to be confirmed by finding the true tracer diffusivity (i.e.

using a
6
Li-LLZO/

n
LLZO couple) in a more rigorous set of experiments with modelling

of the diffusion. Additionally, the assumptionsmadewhen deriving diffusion coefficients

from EIS measurements were based on all the lithium being available for charge transfer,

which is unlikely. Using a value of approximately 10% of the total Li atoms (as predicted

by Ahmad [150]) in the Nernst-Einstein equation (i.e. N drops from a nominal 52.4 Li to

0.52 Li in Ga- and Al-LLZO), the derived diffusivity Dσ
increases by about one order of

magnitude, which may explain this discrepancy.

Sample and measurement effects need to be considered; for example, the NMR

measures powder samples and is affected by particle size and measurement conditions

(i.e. diffusion time ∆ and gradient strength g, which determine the measured apparent

diffusivity). Additionally, NMR does not account for morphological effects such as grain

boundaries. EIS measurements in LLZO are subject to errors in fitting, and as seen

previously (Chapter 5, Section 5.2.2), the bulk andgrain boundary resistance contributions

are difficult to separate in measurements taken at room temperature. Finally, the large

area sampling method used to extract D in the tracer experiments here follow transport

across both grains and grain boundaries. Perfecting the within-grain method (which will

require short diffusion lengths of less than 5µm) of tracer diffusion would enable purely

intra-grain Li transport to be found.

Ab initio molecular dynamics simulations by Jalem et al. [110] have suggested that

lithiummobility in the cubic LLZO takes place through a correlated, concerted migration

mechanism, which is governed by two main factors: (i) the electrostatic repulsions of

certain neighbouring Li sites, preventing Li occupation of consecutive 24d−48g/96h−24d
(Td-Oh-Td) sites, and (ii) the unstable residence of Li at the tetrahedral 24d site which can

trigger ion mobility and reconfiguration of surrounding Li neighbours to accommodate

the initiated movement. The notion of the lithium motion being correlated is in tentative

agreement with the tracer diffusivity trends explored here.

There is still a way to go in perfecting the tracer method for LLZOmaterials; however,

thefindings outlined in this chapter show the feasibility of using a range ofmethods tofind

the self-diffusion of lithium, which could be used in a complementary way to understand

the bulk and grain boundary diffusion when compared to other measurement methods.

7.5 Suggested Future Work

The solid state method of tracer diffusion using a thin film of
6
Li-enrichedmaterial (either

the metal, or an oxide) looks to be the most promising way forward with this technique.

Both within grain and inter-grain diffusion could be followed by adjusting the diffusion

times and sample preparation for analysis (using FIB-SIMS depth-profiling for selective

area diffusion and linescan, or large area depth-profiling, in the TOF-SIMS for grain and

grain boundary diffusion). SIMS mapping could also be carried out by cutting a trench

perpendicular to the surface, applying
6
Limetal to allow exchange to occur, thenmapping

the revealed cross-section. Accurate fitting of the diffusion profiles using finite difference
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simulations to correctly model the boundary conditions is suggested to evaluate D∗ and
k∗ in this system.

Variable high temperature measurements could bemade to extract activation energies

from the diffusion coefficients, and this could serve as amethod to suppress the Li motion

at room temperature during post-analysis. In addition, adding an anneal step at elevated

temperature and then measuring the broadening of profile as a function of time could

also work [57, 58].
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Chapter 8

Symmetric Cell Cycling and Failure
in Li7La3Zr2O12 / LithiumMetal Cells

As described in Chapter 3, the cell performance of Li7La3Zr2O12 (LLZO) electrolyte-based

lithiumbatteries has a strongdependence on the interfacial properties between the lithium

metal and the solid electrolyte; the interfacial resistance (also known as the area specific

resistance, ASR, normalised by the area of the electrode), provides a measure of the

ease of transport at this interface, and has shown to depend on the interfacial contact

between electrode and electrolyte components, as well as the charge carrier mobility.

This interfacial resistance was seen to be compromised in samples of LLZO following

proton-lithium exchange in water and after being exposed to air (Chapter 3, Section 3.4

and Chapter 6, Section 6.3). The cell performance can be measured by galvanostatic

(constant current) charge/discharge cycling, measuring the voltage response for different

applied current densities with time. Themeasured voltage response gives information on

the resistance of the cell, andwhether short-circuiting has occurred following ‘cell failure’.

Most reports in the literature of short-circuit in LLZO/Li metal cells cite the cause of cell

failure as the propagation of lithium dendrites, which cause an irreversible deterioration

in cell performance after a given threshold ‘critical’ current density.

This chapter includes preliminary work investigating the differences in the critical

currents for both gallium- and aluminium-doped LLZO (Ga-LLZO and Al-LLZO,

respectively), illustrating the effect of dopants on the chemical and electrochemical

properties of the electrolyte with a lithium metal electrode.

8.1 Characterisation of Pristine Pellets

Both Al-LLZO and Ga-LLZO compositions, with 0.15 atoms per formula unit nominal

dopant concentration, were used in this chapter as characterised in previous chapters

in this thesis. Their X-ray diffraction (XRD) patterns (Appendix A.7, Figure A.12) show

cubic Ia ¯
3d symmetrywith a small Li2ZrO3 impurity, as seen previously (Chapter 6, Figure

6.5a). Scanning electron microscope (SEM) images (Figure 8.1) of the thermally etched (at

900
◦
C for 30minutes in an argon atmosphere) plane and cross-sections (fracture surfaces)

of the pellets show similar grain size distributions for both compositions, ranging from
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Figure 8.1: SEM secondary electron images of thermally etched plane (left) and fracture

surface (right) pellets recorded at 5 kV for (a) Ga-LLZO and (b) Al-LLZO.

several micrometres to about 20µm. This is about the same average distribution reported

by Cheng et al. [147] which gave a low ASR with Li metal electrodes (as compared to

larger grain sizes of 100 to 200µm). The density of both pellets is high (greater than

95% as measured geometrically), with good inter-grain contact. Regions of the pellet

which appear brighter in the images (and look slightly coarse), are grains of Li2ZrO3.

From these images it is difficult to comment on the appearance of the grain boundaries,

except that from experience and other literature, a glassy phase is usually formed as a

result of liquid-phase sintering processes [123]. Overall, the microstructures of the two

compositions are very similar.

Electrochemical impedance spectroscopy (EIS) was carried out on Li/LLZO/Li

symmetric cells, hot-pressing the Li metal as described in Chapter 4, Section 4.7.1

onto thermally etched LLZO pellet surfaces. The impedance was measured at room

temperature between 0.1Hz and 13MHz and fitted to an equivalent circuit given in the

inset of Figure 8.2, modelling the depressed semicircles with parallel resistor-constant

phase element (R//CPE) contributions. Fitted parameters are summarised in Table 8.1.

The total conductivity (σtotal) for the Ga-LLZO and Al-LLZO pellets comes to

7.5 × 10−4
S cm

−1
and 3.5 × 10−4

S cm
−1
, respectively. The grain boundary resistance

is greater for the Al-LLZO pellet, but difficulties in fitting the room temperature

impedance spectra at high frequencies into grain boundary and bulk contributions make

the determination of meaningful normalised grain boundary conductivity σGB values

according to the brick-layer model difficult (normalising to electrolyte thickness l and

electrode area A). From previous experiments at low temperatures (Chapter 6, Section
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Figure 8.2: Room temperature EIS Nyquist plot of Al-LLZO and Ga-LLZO symmetric

cells with Li electrodes; frequency range 0.1Hz to 13MHz, and fitted the equivalent

circuit shown. Z′ and Z′′ are the real and imaginary parts of the impedance, respectively.

Table 8.1: Equivalent circuitmodel fits at 25
◦
Cof impedance spectra for pristineGa-LLZO

and Al-LLZO pellet cells with Li symmetric electrodes.

Ga-LLZO Al-LLZO

Cbulk x l/A [F cm−1] 3.95x10
−11

1.4x10
−11

σbulk [S cm−1] 1.1x10
−3

7.7x10
−4

CGB x l/A [F cm−1] 5.1x10
−9

1.7x10
−10

σGB [S cm−1] 2.4x10
−3

6.4x10
−4

σtotal [S cm−1] 7.5x10
−4

3.5x10
−4

ASR (RCT x A/2) [W cm2] 16.7 12.1

6.3.2), we know the intermediate frequency region does correspond to a grain boundary

response, and the capacitance CGB measured here (10
−9

to 10
−10

F) is in agreement.

The interfacial resistance, given as an area specific resistance (ASR), is low compared

to literature-reported values without the use of interlayers (16.7 and 12.1W cm
2
for Ga-

and Al-LLZO, respectively), indicating intimate contact between the lithium metal and

LLZO. The low ASR value is most likely due to a combination of careful moisture control

(preventing LiOH and Li2CO3 forming on the pellet surface), and to hot-pressing of the

Li metal, aiding the wetting of lithium. These conditions are known to be important in

ensuring a homogenous current distribution and improving cyclability [173, 174]. The

origin of the slightly lower value for Al-LLZO is unclear; it shows the opposite trend to

that observed by Rettenwander et al. [113] in Ga- and Al- co-doped LLZO; Cheng et al.
[147] described a reduction in ASR for smaller grained samples of Al-LLZO, with a larger

areal density of higher-conductive grain boundaries at the surface being the reason for

the improved interfacial resistance, but this is unproven and disputed by other authors

[123]. In fact, in our Al0.15-LLZO samples, the grain boundary conductivity is actually
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(a)

(b)

Figure 8.3: Pristine Al-LLZO pellet surface: (a) TOF-SIMS maps of
7
Li

+
,

155
(LaO)

+
and

27
Al

+
secondary ions with a Bi

+
primary ion beam (25 kV, 0.2 pA) and O

+

2
sputter gun

(1 kV, 300 nA) operated in non-interlaced burst alignment mode (using a 1s:1s:1s

sputter:wait:analyse cycle) and 195 nm resolution; (b) FIB-SIMS map of
27
Al

+
secondary

ions with 200 nm resolution, using 1.95 nA primary ion beam current over 60.8µm by

60.8µm area, i.e. using a 3.3x10
14

ions cm
−2

s
−1

dose rate, overlaid with the secondary

ion image (the dark regions are Li2ZrO3 grains).

lower than the bulk (Table 8.1), and we know that the in these materials, assigning grain

boundary and bulk transport properties from EIS measurements is not trivial. As the

microstructures of the two compositions in these experiments are similar, the difference

may instead arise from chemical differences in grains and grain boundaries afforded by

the different dopants used and their corresponding electrochemical properties.

8.1.1 Secondary Ion Mass Spectrometry Mapping

Time of flight (TOF)- and focussed ion beam (FIB)- secondary ion mass spectrometry

(SIMS) elemental mappingwas carried out on pristine Al- and Ga-LLZO samples in order

to highlight any initial chemical inhomogeneity present.

Figures 8.3a and 8.4 show the TOF-SIMS maps for Al-LLZO and Ga-LLZO pellet

surfaces, under the same analysis conditions. Unfortunately due to problems in the

synthesis, secondary phases of Li2ZrO3 exist, visible as lithium-rich regions in the SIMS

maps. From the elementalmapping ofAl-LLZO, it is clear that Al tends to segregate at the

grain boundaries (see Figure 8.3a, third image from left, and Figure 8.4a). The Ga-LLZO
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(a)

(b)

Figure 8.4: TOF-SIMS secondary ion maps showing
7
Li

+
(red),

27
Al

+
(green) and

69
Ga

+

(green) overlaid secondary ions; Al-LLZO (a) and Ga-LLZO (b). The resolution is

195 nm, and images are taken with a Bi
+
primary ion beam (25 kV, 0.2 pA) and a O

+

2

sputter gun (1 kV, 300 nA) operated in non-interlaced burst alignment mode (using a

1s:1s:1s sputter:wait:analyse cycle).
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TOF-SIMS maps shows a less distinct demarcation of aluminium at the grain boundaries

as compared to the grains (see left-hand image of Figure 8.4b), and an even distribution of

Ga within the grains but not along the grain boundaries (right-hand image, Figure 8.4b).

Areas of Li2ZrO3 grains show up as rich in
7
Li

+
. The FIB-SIMS map of Al-LLZO (Figure

8.3b) show a similar segregation of aluminium at the grain boundaries in Al-LLZOwhich

is less apparent in the Ga-LLZO sample (not shown here, see Appendix A.7 Figure A.11).

69
Ga

+
mapping was not used for the FIB-SIMS maps here as the main contributor will be

from the
69
Ga

+
primary beam.

8.2 Galvanostatic Cycling with Lithium Electrodes

The symmetric Li/LLZO/Li cells were cycled at room temperature with increasing

current densities, starting from 0.01mAcm
−2

with progressive steps of 0.01 to 2mAcm
−2
.

Each step was held for 30 minutes, with a 5-minute rest period between current density

steps (see Figure 8.5). This was continued until the cell showed cell failure. The

reproducibility of the galvanostatic profiles seen in Figure 8.5 was very good, showing

profiles of similar current-voltage dependence and the same critical current for cell failure

for both Ga- and Al-LLZO cells (more than ten repeats on new cells for each electrolyte

composition).

In the current experimental design, the cell impedance is dominated by the solid

electrolyte layer. This means, from the viewpoint of experimental diagnostics, that

the resistance R of the cell can be used to monitor the growth and penetration of a

lithium metal network through the solid electrolyte. Before a short-circuit occurs due

to complete lithium metal penetration, there is typically a decrease in cell resistance as

the lithium metal network advances through the solid electrolyte [186]. As we increase

the applied current, we expect an increase in the voltage with a fixed proportionality

constant if nothing changes in the system, according to Ohm’s Law. In the Ga-LLZO

cell (green square data points in Figure 8.6) up to the point of dendrite formation (at

0.16mAcm
−2
), the cell resistance drops progressively as the current density is increased;

however, the resistance does not follow Ohmic behaviour (R is changing). This behaviour

was consistently observed in all Ga-LLZO cells tested, with the critical current for

dendrite formation repeatedly found to be 0.16mAcm
−2
, after which the resistance drops

significantly. Above current densities of 0.16mAcm
−2
, the cell continues to function, with

an incremental increase in measured voltage above about 0.2mAcm
−2

(Figure 8.5b) as

the current is increased. However, this value of current density is still ascribed to be the

critical current density for dendrite formation in the Ga-LLZO cell.

Different behaviour was seen in the Al-LLZO cell, with the cell resistance (red circular

data points, Figure 8.6) decreasing initially (up to about 0.04mAcm
−2

current density), but

then followed by an increase in cell resistance until 0.09mAcm
−2
. From 0.1mAcm

−2
, cell

failure occurs, but the resistance shows amore gradual tailing off than inGa-LLZO,which

is always seen in the Al-LLZO cells. The voltage output is much less stable at current

densities above 0.1mAcm
−2

(the critical current density) in Al-LLZO and fluctuates
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(a)

(b)

Figure 8.5: Galvanostatic cycling of symmetrical cells, stepping the current density from

0.01 to 2mAcm
−2

(high limit not shown), with a step size of 0.01 to 2mAcm
−2
. (a)

Al-LLZO; (b) Ga-LLZO. Each current density step was held for 30 minutes, with a

5-minute rest period between steps.

205



Figure 8.6: Measured resistance R as a function of applied current density during

galvanostatic cycling of Li/LLZO/Li cells (with Al-LLZO and Ga-LLZO, red circles and

green squares, respectively).

during periods of constant applied current (Figure 8.5a). These systematically-observed

differences in behaviour during cycling suggests a difference in the nature and properties

of the dendrites which form and lead to cell failure for Ga-LLZO compared to Al-LLZO.

8.3 Post-Mortem Analysis

Following cycling and cell failure, the cells were measured again using EIS (Figure

8.7a). In both cases, the Nyquist plots show a near-linear response typical of a purely

resistive component, indicative of an electronically-conducting dendrite network across

the thickness of the LLZO pellets.

The cells were disassembled in the argon atmosphere glove box, and under visual

inspection, dendrites could be seen as black marks on the surfaces and fracture surfaces

of the pellets (Figure 8.7b). X-ray diffraction was taken on powders of cycled LLZO, using

Kapton tape to protect the samples and assembled in an air-tight holder in the glove box.

No clear differences in the XRDpatterns in bothGa- andAl-LLZO before and after cycling

were visible (see Appendix A.7 Figure A.13).

8.3.1 Secondary Ion Mass Spectrometry

Closer inspection of the cycled pellets using FIB-SIMS and SEM imaging revealed three

modes of degradation as a result of electrochemical cycling which are not visible in the

pristine samples. The first is an interconnected network of web-like features along grain

boundaries of the cell (Figure 8.8a), which has been reported by other authors previously

[123, 187, 276]. These networks span the full length of the pellet in some areas, revealed by

cross-sectioning by fracturing (seen in Al-LLZO, Figure 8.8a central image), which would

be expected to result in short-circuiting of the cell.

The second set of features are intra-grain regions, smaller than the size of the grains

themselves, which at first sight appear to be pore-like regions that have formed during
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(a) (b)

Figure 8.7: (a) Room temperature EIS Nyquist plot of Al-LLZO and Ga-LLZO symmetric

cells with Li electrodes after short-circuiting has occurred; (b) disassembled coin cell

(Li/Ga-LLZO/Li) post-cycling, showing dark patches on the Ga-LLZO pellet indicative

of lithium dendrite formation.

cycling and subsequently fill with a secondary phase. This is similar to observationsmade

by Aguesse et al. [187]; however, it is difficult to be sure if these regions are confined to the

surface of the pellets in contact with lithium metal electrodes, and whether or not they

were pre-existing prior to cycling as pores or surface impurities in the material. Thirdly,

small dendritic-like features appear to branch into the grains in some cases (Figure 8.8b).

The web-like grain boundary network of dendrites are more pronounced and extended

in Al-LLZO than in Ga-LLZO, and the intra-grain secondary phases are more prevalent,

which is likely to be related to the lower critical current needed for cell failure in Al-LLZO.

To investigate the chemical changes in the pellets following cycling, selected area

FIB-SIMS depth-profiling was carried out on different regions of the pellets, in both

grains and in regions associated with dendritic features following cycling.

In-Grain Chemical Analysis

Figure 8.9a shows SIMS depth profiles in the grains of Al-LLZO, before (pristine) and

after cycling, using the same dose rate for the primary beam. The relative intensity ratios

of the detected secondary ion species in the grains differ slightly before and after cycling

-
7
Li

+
appears more enhanced after cycling (the mean Li/LaO ratio greater than 0.1µm

depth increases from 1.01 to 1.61), whereas
27
Al

+
drops relative to

106
(ZrO)

+
(the mean

Al/ZrO ratio drops from 1.85 in the pristine to 1.00 in the cycled sample). This was

consistently seen across multiple samples. The SIMS maps of the surface of the Al-LLZO

pellet are shown Figure 8.9b, which includes a region of residual Li electrode in the centre

of the images. The residual Li electrode material has probably reacted with carbon-based

species during transfer and handling, forming a crust which is depleted in
7
Li

+
secondary

ion intensity compared to the LLZO grains (see Figure 8.9b
7
Li

+
map, in green). However,

grain boundary regions and small features within grains formed after cycling appear

enriched in Li
+
and Al

+
(Figure 8.9b red

27
Al

+
map) compared to LLZO grains (which
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(a)

(b)

Figure 8.8: Dendritic features in LLZO following cycling. (a) Dendritic web-like network

revealed by fracturing the LLZO pellets after cycling (Ga-LLZO, left and Al-LLZO,

centre and right), images taken in FIB-SIMS secondary electron mode. (b) Fine

intra-grain dendrite features in cycled Ga-LLZO (left) and Al-LLZO (right), taken with

FIB-SIMS and SEM secondary electron imaging, respectively.
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are the only regions in which
155

(LaO)
+
is detected, blue map).

The same analysis was carried out on Ga-LLZO (Figure 8.10a shows in-grain depth

profiles before and after cycling, with secondary ion maps in Figure 8.10b). In the

post-cycling analysis, we used
71
Ga

+
secondary ions as a marker for the gallium dopant

in Ga-LLZO, as a new FIB gallium source was used, whichwasmeasured to be comprised

of 99%
69
Ga and 1%

71
Ga isotopes, thus allowing the separation of contributions from the

primary beam source of Ga (
69
Ga), and Ga in the sample (

71
Ga). In the case of Ga-LLZO,

there was less of a marked difference in the relative intensity ratios of the secondary ion

species detected in the grains before and after cycling (Figure 8.10a depth profiles), but

as seen in Al-LLZO, the
7
Li

+
ratio increases slightly (Li/LaO mean ratio increase from

2.01 in the pristine sample to 2.15 after cycling) and the
27
Al

+
ratio drops slightly after

cycling (the Al/ZrO ratio drops from 1.01 to 0.52 in the cycled sample compared to the

pristine). Surface SIMS maps in Figure 8.10b show
71
Ga

+
distributed across the grains,

with small patches of Al
+
-enrichedmaterial, possibly corresponding to dendritic features

seen as dark patches close to grain boundaries in the secondary electron image, but no

significant enhancements at grain boundary regions, as seen in Al-LLZO after cycling.

This difference in segregating behaviour of aluminium, which is more pronounced in

the Al-LLZO pellets, may help to explain the easier formation of dendrites in Al-LLZO

compared to Ga-LLZO during cell cycling, despite the comparable ASR for both samples

(Section 8.1, Table 8.1). The difference in relative secondary ion intensities in the grains

is less clear, except that Al segregating into the grains as a result of cycling and dendrite

formation may explain the drop in the Al
+
ion ratios.

Post-Cycling Features Chemical Analysis

Chemical analysis of some of the features present in the samples post-cyclingwere carried

out using SIMS depth-profiling (Figure 8.11). An analysis of the extended dendritic

feature in Ga-LLZO after cycling is shown in Figure 8.11a. Owing to the morphology of

the dendrite, some contributions from the grains beneath the feature are present, and the

depth of the crater was not measured; however, the dendrite shows dominant secondary

ion intensity ratios of
7
Li

+
and

27
Al

+
, implying it is Li- and Al- rich, but not Ga-enriched

(indicated by a low
71
Ga

+
intensity ratio). A curious feature seen in Al-LLZO post-cycling

are surface growths, rich in aluminium and lithium, which appear to form and crystallise

in the centre of Al-LLZO grains (Figure 8.11b). A depth profile of residual Li metal from

the electrode still adhered to the surface of Al-LLZO post-cycling (Figure 8.11c) was also

measured; again, showing enrichment of Al and Li species compared to LLZO grains.

Figure 8.12 shows FIB-SIMS secondary ionmaps of the dendritic feature in the fracture

surface of Al-LLZO following cycling. The rough morphology of the feature makes

chemical assignment difficult, and the Al distribution is ambiguous, however a clear

depletion of LaO
+
in the dendritic web is seen, with the intensity confined to the Al-LLZO

grains in between the dendrites. However, the dendritic feature does contain Li (dark

patches likely correspond to areas which have reacted with air).

These dendrites and degradation features following cycling are thus shown to all
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(a)

(b)

Figure 8.9: (a) Al-LLZO in-grain depth profiles (example regions indicated by white

squares), before (top left) and after (top right) electrochemical cycling with lithium

electrodes, and (bottom) corresponding secondary electron images of the pellet surfaces

(depth profile craters shown in image as dark squares in left-hand image). Depth

profiles show the intensity I of secondary ions as a ratio to
69
Ga

+
secondary ion

intensity, and measure 7µm by 7µm, using a primary ion beam current of 340 pA (a

dose rate of 4.3x10
15

ions cm
−2

s
−1
). (b) FIB-SIMS maps of Al-LLZO surface after cycling:

secondary electron image (left) and
7
Li

+
,

155
(LaO)

+
and

27
Al

+
secondary ion maps,

overlaid with the secondary electron image (the dark patch in the centre is residual Li

metal from the electrode which has subsequently reacted), with 200 nm resolution, and a

primary ion dose rate of 1.7x10
14

ions cm
−2

s
−1
.
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(a)

(b)

Figure 8.10: (a) Ga-LLZO in-grain depth profiles (example regions indicated by white

squares), before (top left) and after (top right) electrochemical cycling with lithium

electrodes, and (bottom) corresponding secondary electron images of the pellet surfaces.

Depth profiles show intensity (I) of secondary ions as a ratio to
69
Ga

+
secondary ion

intensity, and measure 7µm by 7µm, using a primary beam current of 340 pA (a dose

rate of 4.3x10
15

ions cm
−2

s
−1
). (b) FIB-SIMS maps of Ga-LLZO surface after cycling:

secondary electron image (left) and
71
Ga

+
,

27
Al

+
and

155
(LaO)

+
secondary ion maps,

overlaid with the secondary electron image, with 200 nm resolution, and a primary ion

dose rate of 1.7x10
14

ions cm
−2

s
−1
.
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(a)

(b)

(c)

Figure 8.11: SIMS depth profile chemical analysis of features post-cycling, showing the

depth profile on the left and the secondary electron image of the feature on the right. (a)

Dendritic feature on fracture surface of cycled Ga-LLZO, using a primary ion dose rate

of 4.4x10
15

ions cm
−2

s
−1
. (b) Intra-grain growth on the surface of cycled Al-LLZO, using

a primary ion dose rate of 1.3x10
16

ions cm
−2

s
−1
. (c) Residual Li metal from electrode on

the surface of cycled Al-LLZO, using a primary ion dose rate of 4.4x10
15

ions cm
−2

s
−1
.

212



CHAPTER 8. SYMMETRIC CELL CYCLING AND FAILURE IN Li7La3Zr2O12 /

LITHIUMMETAL CELLS

Figure 8.12: FIB-SIMS maps of Al-LLZO dendritic feature after cycling: secondary

electron image (top left) and
7
Li

+
,

155
(LaO)

+
and

27
Al

+
secondary ion maps, overlaid

with the secondary electron image, with 200 nm resolution, and a primary ion dose rate

of 1.7x10
14

ions cm
−2

s
−1
.
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contain both Al and Li as their principle constituents through these SIMS analyses.

8.3.2 X-ray Photoelectron Spectroscopy

Al-LLZO pellet samples were measured using X-ray photoelectron spectroscopy (XPS)

before and after cycling. For this analysis, the pellet from adisassembled cellwas polished

down on one side to remove residual Li metal from the electrode, using 4000 grit SiC

emery paper, to expose regions of dendrites to the surface for analysis. On one of the

pieces of cycled pellet, a small area of Li metal was purposefully left to act as a reference

for metallic lithium. Dark areas were visible by eye and in the XPS optical microscope

on the cycled pellet sample, corresponding to dendritic regions. We thus selected two

areas for analysis on the same cycled sample; one on one of these dark regions, labelled

’cycled-Li’ in Figure 8.13, and the other on a region where the dendrites were absent (by

eye, labelled ‘cycled-white’ in Figure 8.13). Samples were transferred under argon with a

glove box transfer module and the data was collected with a 400µm by 400µm beam area

on the pristine un-cycled sample, and 200µm by 200µm beam area for cycled samples

(see Chapter 4, Section 4.3.1 for measurement details). Peak intensities are normalised to

La. All measurements and data treatment were made by Dr Anna Regoutz at Imperial

College London. The Li 1s, O 1s, Al 2p and C 1s core spectra are given in Figure 8.13; note

the probe depth is less than 10 nm.

As can be seen in the Li 1s core spectra, the peak for metallic Li and Li in LLZO

(from the pristine spectrum) have very similar binding energies and cannot be separated.

However, the cycled pellet dendritic region, ‘cycled-Li’, peak has a shift to higher binding

energy (not seen in the dendrite-free region of the same sample, ‘cycled-white’). This

binding energy could correspond to either LiOH or Li2CO3 (but not Li2O). This is also

seen in theC 1s andO1s spectra for this sample, which have significantly higher intensities

for both adventitious C (lowest binding energy) and HCO3 and CO3 species in the C 1s

spectra, as well as higher intensities for the O species. It might be that these species exist

as a result of the reaction of Li dendrites either with protons and/or carbon species in the

cell components or with the tools used to handle the cells. A shift in binding energy of

the Li 1s peak due to Al-Li alloying is not confirmed here.

Interestingly, the cycled sample contains significantly larger amounts of Al at the

analysis surface than does the pristine sample (see Table 8.2), with a shift of the peaks

to higher binding energies. This could indicate segregation of Al from the LLZO as a

result of the cycling process towards the electrodes, and possibly the association of Al

with the Li dendrites, in agreement with the SIMS results of the post-cycling dendritic

features and grain boundary regions (though not the grains, where the Al:La ratio drops

after cycling). It must be noted that due to the high area of analysis in XPS compared

to FIB-SIMS (several hundreds of micrometres), the separation of chemical information

on the grains, grain boundaries and dendritic features are not possible with XPS; rather

a net chemical view is taken, which implies that the Al-rich dendritic features dominate

the analysis here. In addition, the probing depth of the two techniques varies greatly,

with XPS probing only the top few nanometres of thematerial surface. The ’cycled-white’
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Figure 8.13: XPS Li 1s, O 1s and C 1s core spectra of Al-LLZO pristine and cycled pellets.

‘cycled-white’ corresponds to a region on the cycled pellet which appeared to lack the

presence of dark dendritic features by optical inspection. Those areas which appeared

dark from the presence of dendrites are labelled ‘cycled-Li’.
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areas, which appeared dendrite-free by eye, also showed an enhancement in Al, and it is

unclear what the origin of this enhancement is (the existence of secondary phases formed

on cycling in the analysis area here cannot be ruled out). No measurements were taken

on the Ga-LLZO pellets at the time, but should be carried out to determine if the same

Al enhancement close to the dendrites and peak shifts are seen in Ga-LLZO post-cycling.

Another factor to consider is the gradient in Al and other light cation concentrations in

LLZO pellets, due to crucible and heating effects, seen in Chapter 5, Section 5.1.2. These

effects cannot be separated from cycling effects described here.

Table 8.2: Quantification of XPS La andAl ratios, in cycled and pristine Al-LLZO samples.

Sample La:Al ratio

Pristine Al-LLZO 3:0.75

Cycled-white Al-LLZO 3:2.08

Cycled-Li Al-LLZO 3:2.66

8.3.3 Nuclear Magnetic Resonance

To investigate further the possibility of a Li-Al alloy forming as a dendrite in the

samples,
7
Li nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI)

measurements were made on both Ga- and Al-LLZO pellets containing dendrites, using

a difference in Knight shift for the metallic lithium component, which would indicate a

change in environment of themetallic species [277]. Measurementswere carried out byDr

LaurenMarbella in Professor Grey’s group at CambridgeUniversity. Measurementswere

made on the cycled pellets with lithium electrodes still attached and the samples were

orientated with electrodes perpendicular to the magnetic field B0 during measurement.

Unfortunately, there was not a dramatic difference in the chemical shifts between the

different pellets (Figure 8.14a). While this does not rule out the incorporation of other

metals (Al, etc) into the dendrites, they may be present in such a low percentage that they

do not dramatically influence the Knight shift of the
7
Li signal. However, a peak for the

Li dendrite, shown as a shoulder of the peak for the Li metal electrode, is seen.
27
Al NMR

was also attempted, but the background signal of
27
Al coming from the probe was large

and we were unable to see a
27
Al metal signal from the sample, if there was one. The

7
Li

MRI (Figure 8.14b) shows the orientation of the dendrites as a two-dimensional image,

spanning the area between the two electrodes (along the Z-position, represented by the

y axis in Figure 8.14b). The x-axis gives the chemical shift of
7
Li, with the region at about

260 ppm indicative of the Li dendrite (where 0 ppm indicates the Li in LLZO). The spatial

resolution is about 100µm, so fine features are not visible.
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(a) (b)

Figure 8.14: (a) 1D
7
Li NMR of Ga- and Al-LLZO dendritic pellets with lithium

electrodes oriented perpendicular to magnetic field B0, with signals normalised to the

LLZO
7
Li peak. (b) 2D

7
Li MRI of cycled Al-LLZO showing dendrites spanning the

electrolyte (Z-position indicates fracture surface of pellet, along the direction between

the two lithium electrodes).

8.4 Discussion and Summary

Electrochemical cycling experiments on Li/Ga-LLZO/Li and Li/Al-LLZO/Li cells show

marked differences in cycling behaviour for the two doped compositions of LLZO tested.

Ga-LLZO showed a higher critical current density (0.16mAcm
−2
) for cell failure caused

by dendrite formation, and a less detrimental performance at higher current densities.

On the other hand, Al-LLZO showed cell failure at the lower critical current density of

0.1mAcm
−2
, with erratic voltage profiles at higher applied currents.

Post-mortem analysis revealed a greater extended network of Li dendrites in the

Al-LLZO cycled pellet, with more visible degradation features after cell failure occurred.

In both compositions, SIMS chemical analysis showed that dendritic features were

enriched inAl andLi species, whereas the LLZOgrainswere depleted inAl
+
and enriched

in Li
+
after cycling compared to in their pristine state. XPS chemical analysis over large

areas showed that cycled pellets showed a net enrichment in Al in the near-surface region

close to the original location of the electrodes.

Although we were unable to see evidence of Al-Li alloying in NMR experiments,

there is clearly an affinity for Li dendrites with aluminium from the LLZO pellet samples.

Whether this takes the form of an Al-Li metallic alloy is unclear. It might be instead

that the grain boundaries, known to be enriched in Al (and more so in Al-LLZO than in

Ga-LLZO), are acting as fast pathways for Li dendrites through some wetting mechanism

favoured by the Al-rich composition of the grain boundaries. As discussed in Chapter 3,

Section 3.4, it has been suggested that lithium aluminates found in grain boundaries of

garnets will react with lithium metal [135]. It might also be feasible that Joule heating of

the dendrites caused by local high current density may result in the formation of molten

Li, which could act to leach Al out of the grains.

Detecting the presence of gallium in thedendritic featureswas a challenge owing to the
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low level of dopant concentrations and the interference from the primary beam (
69
Ga

+
) in

FIB-SIMS analyses. XPSmeasurements and other means of detection should be explored.

It cannot therefore be ruled out that dendritic features form with Ga-Li compositions in

Ga-LLZO. Li-Ga alloying was reported to form at 300
◦
C during cycling of Ga-LLZO in

previouswork [185] (and see Appendix A.7 Figure A.14 for a phase diagram of Ga-Li), but

it is unclear if this is the case during room temperature cycling (where local heating may

occur, reaching an unknown temperature). The formation of Li-Ga compounds will need

to be investigated further, especially the formation of lithium gallium oxides at the grain

boundaries of Ga-LLZOwhich have been reported previously [131]. The presence and/or

different distribution of gallium at the interface with Li metal in Ga-LLZO may, perhaps,

also favour a homogeneous current distribution and reduce the ability for dendrites to

form, improving the cycling performance of these systems compared to Al-LLZO.

In summary, the chemical nature of the grains and grain boundaries in LLZO is an

important factor for determining cell operating behaviour, when all other parameters are

fixed (including the microstructure). This work illustrates the role of aluminium in the

formation of lithium dendrites during cell cycling of LLZO, and its ability to promote

cell failure through the propagation of dendrites, and is seen in the greater propensity

for dendrite formation and concurrent cell failure in Al-LLZO compared to Ga-LLZO

electrolyte cells.

8.5 Suggested Future Work

This work is an initial investigation into the role of the chemical composition of LLZO on

the electrochemical performance when used in a cell with lithium metal electrodes. A

variety of further work could be explored to understand better the phenomena observed

here.

The experiment could be repeated with Al-free LLZO samples (pellets sintered in Pt

or ZrO2 crucibles, which will need hot-pressing or spark plasma sintering to obtain the

required density), to observe differences in cyclability and to understand the role of Al in

the formation and propagation of lithiumdendrites. In addition, a cell setup composed of

Li
0
/Al

0
/Al-free LLZO/Al

0
/Li

0
(where

0
denotes the metallic species) could be adopted

for cycling to see if the same behaviour is observed as in the Al-LLZO cell.
27
Al NMR

could be used to probe the nature of the Al species in the sample following cycling.

Using an isotopically-labelled
6
Li metal electrode for cycling experiments combined

with SIMS and NMR post-cycling, could help to determine where the Li in the dendrites

comes from, and distinguish between the intra- and inter-granular degradation seen in

the cycled material; is the source of lithium the electrode or the lithium in the pellet, or

both? Time constraints would apply in this setup tominimise the self-diffusion of lithium

between cycling and analysis.

The cycling behaviour and critical current on LLZO stabilised with other dopants, for

example Ge, would be an interesting extension of this work, especially if we are able to

correlate the critical current to the Al content in the pellet or to the chemical interaction
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of dopant cations with lithium.

In addition to cycling experiments described in this chapter, uni-directional

plating/discharge experiments could be used to quantify the amount of Li deposited,

which could also be combined with a labelled
6
Li electrode to detect the motion of

lithium, correlating voltage output with content of plated Li. Finally, performing the

cycling experiments in-situ would allow the formation and growth of dendrites to be

observed (using, e.g., in-situ SIMS and NMR).
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Chapter 9

Conclusions and Further Work

9.1 Conclusions

Substantial interest in developing the next generation of energy storage devices based on

battery technologies has led to the concept of an all-solid-state lithium ion battery, hailed

as the possible solution to many of the drawbacks of conventional liquid-based systems.

The properties of the solid electrolyte are pivotal in dictating the overall cell performance

and multiple chemistries and structures have been explored in the search for suitable

candidates, as discussed in Chapter 3. The garnet-structured oxide, based on the formula

Li7La3Zr2O12 (LLZO), has the potential to be used in an all-solid-state configuration

owing to its large electrochemical window, high ionic conductivity and chemical stability.

This material was selected for study in this thesis, with the aim of answering questions

on aspects of the fundamental understanding of its properties through experimental

investigation, which were identified as lacking in the literature.

The synthesis of highly conductive ceramic pellets of LLZO was explored in Chapter

5, in which an optimised method was developed for fabricating pure-phase, dense

microstructures of Ga- and Al-doped LLZO, to enable high ionic conductivities and

favourable transport properties to be achieved. It was found that the optimal thermal

treatment conditions were 800
◦
C in dry flowing oxygen for 6 hours to obtain the cubic

powder, followed by sintering the pellets at 1150
◦
C for 6 hours in an argon atmosphere,

with all processing steps carried out in a glove box to prevent reaction with moisture. The

careful handling carried out provided low interfacial resistances with lithium electrodes,

an important factor in enabling high power densities and cyclability of the cells.

The transient nature of the meta-stable cubic (Ia ¯
3d) LLZOwas frequently observed in

the form of impurity phases, highlighting the need for a highly controlled synthesis

procedure, with implications for the large-scale production of these materials. The

structure was confirmed by X-ray diffraction and aberration-corrected high resolution

scanning transmission electronmicroscopy (STEM). STEMmeasurements of the powders

proved a challenge, owing to the radiolysis (bond-breaking) of the specimen under the

influence of the electron beam, preventing the imaging of light atoms (Li, H).

The effect of the crucible type used during sintering was also explored using low

energy ion scattering (LEIS) - providing evidence of the mobile nature of Al
3+
, Ga

3+
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(as well as Li
+
, indirectly) in the LLZO pellets during high temperature treatment. As

these cations are important in controlling structural, microstructural and ionic transport

properties in the electrolyte, understanding their distribution in LLZO pellets is crucial

if the materials are to be used commercially. Evidence of the formation of an Al2O3-Li2O

eutectic was seen, as described by others [128, 140, 146], and the influence of alumina

crucibles in providing a source of Al
3+

was confirmed.

Using Ge(IV) as a dopant to stabilise cubic LLZO was investigated, and found

to stabilise the cubic phase with the highest conductivity (3.4 × 10−4
S cm

−1
at room

temperature) using 0.10 Ge atoms per formula unit, confirming the work of Huang [133].

Neutron diffraction suggested an occupancy of the tetrahedral 24d Li sites, and X-ray

photoelectron spectroscopy (XPS) confirmed an oxidation state of +4. This followed the

expected trend for concentration and site occupancy of supervalent dopants (such as

Ga
3+

and Al
3+
) on the lithium sublattice in LLZO, following charge balance and crystal

radius arguments. The site occupancy (24d) and sintering behaviour is the same as that

previously reported for Al
3+
. However, the ionic conductivities achieved with Ge(IV)

doping are not able to reach the high reported values for Ga0.15-LLZO compositions

[113, 137, 138], and a greater understanding of ionic transport in these complex systems

is required, as touched on in Chapter 3.

The stability of LLZO in air andwaterwas investigated inChapter 6, and the associated

degradation processes were characterised, chemically and electrochemically, correlating

themoisture reactivity of LLZOwith its electrochemical performance. Powder samples of

Ga0.15-LLZO underwent H
+
/Li

+
exchange by immersing the powders in liquid H2O at

room temperature (RT) and 100
◦
C. The cubic Ia ¯

3d lattice structure was maintained

following the exchange process, as verified by powder X-ray diffraction; the lattice

parameter was found to increase following high temperature exchange only, and in the

RT exchange, a La2Zr2O7 secondary phase was formed. These observations indicated

a difference in exchange kinetics and in the nature of the H-O bonding of the proton

exchange process at these two temperatures.
1
H nuclear magnetic resonance (NMR)

measurements supported these findings, showing a difference in the relative intensities

of the chemical shift peaks associated with intercalated protons and adsorbed water for

the RT compared to the 100
◦
C-treated samples, with a larger fraction of intercalated

protons in the latter. Pulsed field gradient (PFG) NMR on the 100
◦
CH2Opowder yielded

an incalculable lithium ion diffusivity owing to markedly slower kinetics of lithium in the

sample compared to those of pristine sample. Decay processes for the protons were seen

but could not be assigned a diffusivity with confidence owing to the complicated signal.

These findings implied slow lithium ion diffusion in the protonated LLZO sample.

Pellets of Ga0.15-LLZO were immersed in 100
◦
C liquid H2O for a range of times, and

focussed ion beam – secondary ion mass spectrometry (FIB-SIMS) was used to follow

the chemical changes within the grains as a function of depth. The water-treated sample

had a ‘clean’ surface relative to the pristine samples, in terms of corrosion layer thickness

and surface chemistry. A proton-rich H-Ga0.15-LLZO region formed on proton-lithium

exchange in the pellet samples, and as the exposure time increased, so did its thickness.

222



CHAPTER 9. CONCLUSIONS AND FURTHERWORK

Li and H diffusion profiles were seen in the samples; the diffusion length of the protons

increased with the immersion time. The chemical diffusion coefficient, DC(H
+
), of the

protons at 100
◦
C was calculated to be 1 × 10−16

to 2 × 10−16
m

2
s

−1
for the three samples,

corresponding to a conductivity at 100
◦
C of the order of 10

−8
S cm

−1
(compared to the

Li conductivity from electrochemical impedance (EIS) measurements of 10
−2

S cm
−1

at

100
◦
C).

Tracer diffusion using D2O was attempted in H-Ga0.15-LLZO. The times chosen

were too short to collect an accurate diffusion profile of D
+
; however, there was a clear

movement of D
+
into the samples. The tracer diffusivity (D∗) was difficult to find by fitting

the profiles using Crank’s solution but, within the H-Ga0.15-LLZO regions tested, it was

estimated to be approximately 10
−17

m
2
s

−1
at 100

◦
C, one order of magnitude smaller than

the chemical diffusivity.

LLZO pellets were allowed to be in contact with ambient air for a range of times, and

the chemical nature of the corrosion layer formed at the surface was investigated with

LEIS and XPS. LiOH quickly formed on the surface of doped LLZO pellets, followed by

a slow transformation to Li2CO3.

EIS measurements showed a reduction in total conductivity from the pristine to the

water-treated samples, due to a decrease in charge carrier mobility in the protonated

H-Ga0.15-LLZOregion,whichhada calculatedbulk resistivity of approximately 10
5 W cm.

This bulk resistivity Rbulk is almost three orders of magnitude higher than in pristine,

pure LLZO with Rbulk(pristine) equal to 8.6 × 102 W cm. The grain boundaries were

very susceptible to moisture; after water treatment, the grain boundary resistance RGB

increased by three orders of magnitude to 5 × 105 W cm after 30 minutes in H2O. The area

specific resistance with Li electrodes dramatically increased after proton exchange (from

9.4W cm
2
in the pristine, to 392.5W cm

2
in the air-exposed sample, and to 2.4 × 103 W cm

2

after 15minutes inH2O). Theworkdemonstrated the significant deterioration in theLi-ion

mobilities of the Li metal/Ga0.15-LLZO interfaces and in the bulk and grain boundaries

upon reaction with H2O due to the H
+
/Li

+
exchange reaction. This highlighted the

link between proton-lithium exchange processes in lithium-conducting garnets and the

impact on charge carrier transport, which has important implications on cell performance

in lithium metal batteries using LLZO electrolytes.

In Chapter 7, an experimental methodology for determining macroscopic diffusion of

lithium in LLZO was presented, using a stable lithium isotope exchange technique. The

results from this technique were then compared to other macroscopic (PFG NMR) and

microscopic (EIS and T1 spin-lattice relaxation NMR) techniques. Amongst the NMR

measurements, only the Ga-LLZO PFG NMR and EIS derived values for diffusivity were

in agreement (with the activation energies in good agreement for all samples). This

suggested that both long-range charge transport (EIS) and local mass transport (NMR)

are linked in Ga-LLZO and suggested that the motion of Li ions on both macroscopic and

microscopic scales are equivalent, implying the motion is to some extent uncorrelated.

This is contrary to the literature consensus of correlated lithium motion in garnets, but

requires further investigation owing to the limitations of the techniques used. The
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NMR extracted diffusivities can be thought to approach tracer-diffusion values for long

relaxation times.

When comparing chemical diffusivities DC measured by isotopic exchange and

extracted over large areas using the multiple profiling method with the EIS derived

diffusivities Dσ
, the chemical diffusion coefficients were found to be of the same order

of magnitude or slightly higher than the EIS-derived values (DC of 10
−13

m
2
s

−1
in

Al0.15-LLZO). The chemical diffusion measured here is expected to be larger than the

tracer diffusivity D∗. A number of assumptions and experimental limitations have to be

taken into considerationwhen comparing across themultiple techniques,whichhavebeen

discussed. That said, the tracer lithium diffusion method was shown to be a promising

complementary technique for observing true, long-range diffusion of lithium ions in

lithium conductors, given further development.

Finally, Chapter 8 explored the differences in the critical currents for both Ga- and

Al-doped LLZO, illustrating the effect of dopants on the chemical and electrochemical

properties of the electrolyte with a lithium metal electrode. Electrochemical cycling

experiments on Li/Ga-LLZO/Li and Li/Al-LLZO/Li cells showedmarked differences in

cycling behaviour for the two doped compositions of LLZO tested. Ga-LLZO showed a

higher critical current density (0.16mAcm
−2
) for cell failure caused bydendrite formation,

and a less detrimental performance at higher current densities. On the other hand,

Al-LLZO showed cell failure at the lower critical current density of 0.1mAcm
−2
, with

erratic voltage profiles at higher applied currents.

Post-mortem analysis revealed a greater extended network of Li dendrites in the

Al-LLZO cycled pellet, with more visible degradation features after cell failure occurred.

In both compositions, SIMS chemical analysis revealed that dendritic features were

enriched inAl andLi species, whereas the LLZOgrainswere depleted inAl
+
and enriched

in Li
+
after cycling compared to in their pristine state. XPS chemical analysis over large

areas showed that cycled pellets showed a net enrichment in Al in the near-surface region

close to the original location of the electrodes; however, this could not be separated from

the effect of the crucible during sintering. Although evidence of Al-Li alloying in NMR

experiments was not seen, there was clearly an affinity for Li dendrites with aluminium

from the LLZO pellet samples. The chemical nature of the grains and grain boundaries

in LLZO was found to be an important factor for determining cell operating behaviour,

when all other parameters are fixed (including the microstructure). This work illustrated

the role of aluminium in the formation of lithium dendrites during cell cycling of LLZO,

and its ability to promote cell failure through the propagation of dendrites, and is seen

in the greater propensity for dendrite formation and concurrent cell failure in Al-LLZO

compared to Ga-LLZO electrolyte cells.

9.2 Suggested Further Work

Based on the findings of this thesis, a number of research questions remain which could

shape the course of further study.
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A method for imaging the atomic arrangement in LLZO using STEM was developed,

allowing challenging sample damaging effects to be overcome, but Li and other light

elements could not be resolved, even with high resolution aberration-corrected setup.

Further work should be considered to image lamella samples of LLZO, and to study

interfaces and grain boundaries on an atomically-resolved scale. Sometimes coloured

pellets of LLZO were obtained during the synthesis procedure, and it is suggested that

the creation of colour centres under the reducing argon atmosphere sintering conditions

may be the cause, resulting in the formation of lithium and oxygen vacancies. These

oxygen vacancies might be able to be imaged using a high resolution STEMmethod, and

following the work of Kilner [46] and Kubicek [28], studied through isotopic exchange

techniques, correlating synthesis conditions (i.e. temperature, oxygen partial pressure)

to the formation of oxygen vacancies. The use of oxygen vacancies in garnets as a donor

dopant to stabilise the cubic phase and control the lithium content and conductivity as

an alternative strategy to cation doping would be an interesting avenue to explore.

Proton-lithium exchange experiments on LLZO pellets were carried out under a

small range of exchange times; the experiments should thus be extended to include

longer immersion times, enabling the study of the equilibrated region of H-LLZO and

to better follow proton diffusivity using tracer experiments. Time of flight (TOF)-SIMS

linescan-type mapping could be utilised for long diffusion length studies following long

exchange times. More NMR and computational work to probe O-H bonding interactions

in protonated H-LLZO is important in order to understand the stability and kinetics in

H-LLZO, including the interaction of dopants. For example, usingD2Oor
17
O-H2O,NMR

might also be able to give improved structural information.

Additionally, combining the effect of proton-lithium exchange on the lithium kinetics

using lithium tracer experiments would be interesting in order to probe the true Li

transport in the exchanged material following moisture reactivity, and highly important

in order to learn more about the nature of Li transport in the degraded material. More

information on the chemistry of grain boundaries in LLZO and their reactivity with

moisture will be important in order to explain the dramatic resistivity changes following

water-immersion and proton exchange. This information will require the use of high

resolution mapping in SIMS, and also STEM analysis of lamellas in order to look at the

atomic arrangements at the grain boundaries. A knowledge of the differences in the

grain boundary chemistry of Ge-, Ga- and Al-LLZO is also important to understand

electrochemical and transport properties, extending the work in Chapter 8 on the role of

dopants on dendrite formation.

A knowledge of the proton-lithium exchange reaction and moisture degradation

processes of garnets could enable the exploration of the material to be used as a separator

in aqueous battery systems, and to be used with in lithium-air cells, in addition to being

of importance for handling of the material for use in real devices.

The solid state method of tracer diffusion using a thin film of
6
Li-enriched material

(either the metal, or an oxide) looks to be a promising technique for probing lithium

diffusivity. Both within-grain and inter-grain diffusion could be followed by adjusting
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the diffusion times and sample preparation for analysis (using FIB-SIMS depth-profiling

for selective area diffusion and linescan, or large area depth-profiling, in the TOF-SIMS for

grain and grain boundary diffusion). SIMS mapping could also be carried out by cutting

a trench perpendicular to the surface, applying
6
Li metal to allow exchange to occur, then

mapping the revealed cross-section. Accurate fitting of the diffusion profiles using finite

difference simulations to correctlymodel the boundary conditions is suggested to evaluate

D∗ and k∗ using this experimental setup. Variable, high temperaturemeasurements could

be made to extract activation energies from the diffusion coefficients, and this could serve

as a method to in effect suppress the Li motion at room temperature during post-analysis.

In addition, adding an anneal step at elevated temperature and then measuring the

broadening of diffusion profiles as a function of time could also be done [57, 58].

Lithium tracer diffusion experiments, if developed further following from the work

reported here, would be a highly useful and complementary method for understanding

lithium transport in a variety of lithium-based systems, extending beyond garnets to other

solid electrolytes and electrodematerials. It couldbeused as a tool to understand expected

bulk and interfacial lithium transport in battery materials as a function of temperature,

state of charge and lithiation state.

Galvanostatic cycling experiments could be repeated with Al-free LLZO samples to

observe differences in cyclability and to understand the role of Al in the formation and

propagation of lithium dendrites. Using an isotopically-labelled
6
Li metal electrode for

cycling experiments combined with SIMS and NMR post-cycling, would also help to

determine where the Li in the dendrites comes from, and to distinguish between the

intra- and inter-granular degradation seen in the cycled material.

Solving the dendrite and interface problem with lithium metal electrodes is critical

for the realisation of all-solid-state batteries, and it is clear from this work that the answer

relies on a complex mix of chemical, mechanical and electrochemical factors. In order to

overcome the problem, it might be necessary to move to simple systems which can be

more easily modelled, requiring collaboration between theorists and experimentalists, to

uncover the underlying causes of lithium plating in solid electrolytes. Only then would

the development of more complex architectures (such as surface-modified, or composite

materials) be fruitful in providing a solution.
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Appendices

A.1 Synthesis and Doping of LLZO

(a) (b)

(c) (d)

Figure A.1: XPS Zr 3d, La 3d, Li 1s and O 1s core spectra for Ge0.10-LLZO samples

produced under oxygen and vacuum atmospheres. See Chapter 5 Section 5.1.1 for a

discussion of charging effects depending on sintering atmosphere for the LLZO pellets.
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Figure A.2: XRD patterns of (top) Ge0.30- and (middle) Ge0.50-LLZO pellets and the

theoretical reference pattern for cubic Ia ¯
3d (bottom). See Chapter 5 Section 5.2.1 for

more details of Ge dopant concentration on the phase stability of Ge-LLZO.

Figure A.3: XRD pattern of Ge0.10-LLZO pellet (doped at the Zr site). See Chapter 5

Section 5.2.4 for a discussion of the site preference of Ge as a dopant in LLZO.
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Figure A.4: XRD pattern of Ge0.10-LLZO powder, used for neutron diffraction. See

Chapter 5 Section 4.2.2 for the neutron diffraction data of Ge0.10-LLZO.

A.2 1H Pulsed Field Gradient NMR
1
H NMR was carried out on proton exchanged powders of Ga0.15-LLZO. See Chapter 6

Section 6.1.2 for more details. Below shows the pulsed field gradient data used to find

the proton diffusivity in the sample exchanged at 100
◦
C.

(a) (b)

Figure A.5:
1
H PFG NMR on 100

◦
C protonated Ga0.15-LLZO powder. A and B

correspond to different chemical shifts for the static proton spectrum: ’A’ is the peak at a

higher chemical shift (possibly adsorbed water), and ’B’ is the peak at a lower shift

(possibly the sum of the intercalated protons).
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Table A.1: Calculated
1
H diffusion coefficients D(H) from

1
H PFGNMR data (Figures 6.4

and A.5), in the protonated H-Ga0.15-LLZO powder, exchanged at 100
◦
C in H2O. A and

B correspond to different chemical shifts for the static proton spectrum: ’A’ is the peak

at a higher chemical shift (possibly adsorbed water), and ’B’ is the peak at a lower shift

(possibly the sum of the intercalated protons).

T (K) D(H), chemical
shift A (m2 s−1)

D(H), chemical
shift B (m2 s−1) ∆ (ms) δ (µs)

450 3.844x10
−12

2.55x10
−12

30 530

450 3.854x10
−12

2.691x10
−12

30 530

450 4.936x10
−12

6.797x10
−12

15 480

400 - 4.456x10
−12

15 480

350 - 1.664x10
−12

30 530

300 9.679x10
−12

1.681x10
−11

20 310

A.3 EIS Analysis of Pellets with Changing Thickness

The intermediate-frequency component, R2//CPE2, in the impedance spectra of

Ga0.15-LLZO was found to be associated with inter-grain ionic transport in the

Ga0.15-LLZO pellet. This was confirmed by evaluating the impedance of the second

semicircle with a pellet of the same material of different thicknesses. The impedance

values for this process varied proportionally with the thickness of the pellet which, when

corrected for by cell dimensions to give resistivity, gave a value with a variance of less

than 5%, supporting the assigned process as being associated with inter-grain transport

and not a surface-related process. See Chapter 6 Section 6.3 for more discussion.

TableA.2: EIS analysis of aGa0.15-LLZOpelletwith various thicknesseswith symmetrical

Li electrodes. R represents the impedance values obtained from fitting the data to

R//CPE equivalent circuits, while l and A correspond to the sample thickness and area,

respectively.

Sample R1//CPE1 R2//CPE2

l (cm) R (W)

RxA/l
(W cm)

R (W)

RxA/l
(W cm)

1 0.12 456.5 1117.5 1323.7 3240.4

2 0.086 322.4 1059.8 940.7 3092.8

3 0.05 191.0 1080.3 548.8 3103.4
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Table A.3: Ratios of thickness, impedance and normalised impedance values to sample

1 for Ga0.15-LLZO with Li symmetrical electrodes (e.g. for sample 2 l2/l1 � 0.74,

corresponding to 74 % of the thickness of sample 1). R represents impedance values

obtained from fitting the data to R//CPE equivalent circuits, while l and A correspond

to the sample thickness and area, respectively.

Sample R1//CPE1 R2//CPE2

l (cm) R (W)

RxA/l
(W cm)

R (W)

RxA/l
(W cm)

1 1.00 1.00 1.00 1.00 1.00

2 0.74 0.71 0.95 0.71 0.95

3 0.43 0.42 0.97 0.41 0.96

A.4 Calculating the Resistivity of Protonated H-Ga0.15-LLZO

The resistivity of the protonated region H-Ga0.15-LLZO in proton-exchanged pellets was

calculated in Chapter 6 Section 6.3.2.

Table A.4: Resistance calculations for H-Ga0.15-LLZO region in for (H2O/15) and

(H2O/30) Ga0.15-LLZO pellets, using EIS data and thickness estimates from FIB-SIMS

depth profiles.

H2O/15 H2O/30

ρpristine (W cm) 8.64x10
2

8.64x10
2

l′ (cm) 5.70x10
−4

1.07x10
−4

l′′ � l − 2l′ (cm) 6.74x10
−2

9.44x10
−2

l (cm) 6.86x10
−2

9.65x10
−2

A (cm
2
) 0.28 0.28

R′′ � ρl′′/A (W) 206.06 291.17

R � R′ + R′′ (W) 441.70 830.70

R′ � R − R′′ (W) 235.64 539.53

ρ′ � R′A/l (W cm) 1.17x10
5

1.41x10
5

σ′ � l/ρ′ (S cm−1
) 8.56x10

−6
7.08x10

−6
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A.5 7Li NMR

A.5.1 7Li Pulsed Field Gradient NMR
7
Li PFG measurements were performed at room temperature to extract Li ion diffusion

coefficients for theGa-dopedLLZOsolid electrolyte (seeChapter 7 Section 7.3.1). The time

that the Li ions were allowed to diffuse during the experiment was varied to determine

the length scales that we could probe within the experiment (Figures A.6a and A.6b).

(a) (b)

Figure A.6: (a)
7
Li diffusion coefficient D(Li) measured via PFG NMR as a function of

diffusion time (∆ in the pulse sequence) for Ga0.15-LLZO. (b) Root mean squared

displacement

√
x2

of Li ions in Ga0.15-LLZO as a function of diffusion time ∆ in the PFG

experiment.

A.5.2 7Li Spin Lattice Relaxation (T1) NMR
7
Li variable temperature T1 (spin-lattice) relaxation NMR was also carried out on Ge-

and Ga-doped LLZO powders to measure the activation energies for Li ion hopping (see

Chapter 7 Section 7.3.2).

Figure A.7: T1
7
Li NMR data for Ga- and Ge-doped LLZO powders used to derive

activation energies, Ea.
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A.5.3 XRD Patterns of Powders used for NMRMeasurements

(a) (b)

(c)

Figure A.8: XRD patterns of powders used for
7
Li NMR diffusivity measurements. (a)

Undoped-LLZO; (b) Ga0.15-LLZO; (c) Ge0.10-LLZO.

A.6 Effects of SurfaceRoughness onFIB-SIMSAnalysis of LLZO
Pellets

The effect of surface roughnesswas investigated as itwas considered an important factor in

the facilitating of the proton-lithium exchange process (with a rougher surface providing

a greater surface area for the reaction to occur), as well as the interpretation of FIB-SIMS

depth profile data (morphological effects on the SIMS signal).

To test the effect of roughness, samples of LLZO (undoped) were either polished

to 0.25µm with diamond paste followed by thermal etching (900
◦
C for 30 minutes) to

reveal the grains and reduce surface damage caused by the polishing process, or roughly

polished (to #1200 grit in the glovebox), and measured in the FIB-SIMS under the same

conditions. Figure A.10 shows the results for both rough-polished and etched pellets.
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(a) (b)

(c) (d)

Figure A.9: Effect of surface roughness on a LLZO pellet. Rough-polished sample

(left-hand column) is polished to 1200 grit SiC paper, polished pellet (right-hand

column) is polished to 0.25µm diamond paste and thermally etched at 900
◦
C. (a,b)

Secondary electron images showing depth profile crater; (c,d) white light interferometry

microscope images taken on Zygo New View 200.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.10: Effect of surface roughness on a LLZO pellet. Rough-polished sample is

polished to 1200 grit SiC paper, polished pellet is polished to 0.25µm and thermally

etched at 900
◦
C. (a,b) FIB-SIMS depth profiles over 10µm by 10µm area with with 1 nA

primary ion beam current (giving a dose rate of 6.2x10
15

ions cm
−2

s
−1
); (c,d) C(

6
Li)

isotopic fractions; positive secondary ion (e,f) and negative secondary ion (g,h) mass

spectra with 100 pA primary ion beam current rastered over 100µm by 100µm area

(giving a dose rate of 6.2x10
12

ions cm
−2

s
−1
).
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A.7 Symmetric Cell Cycling Characterisation

Symmetric cells of Li/LLZO/Li for Ga0.15-LLZO and Al0.15-LLZO electrolyte

compositionswere cycled to correlate the role of dopant on the critical current for dendrite

formation and short circuit (Chapter 8).

Figure A.11: Ga-LLZO pellet surface: FIB-SIMS map of
27
Al

+
,

7
Li

+
and

155
(LaO)

+

secondary ions overlayed with total positive ion image (shown alone, right) at 200 nm

resolution, 1.95 nA primary ion beam current over 60.8µm by 60.8µm area, i.e. using a

3.3x10
14

ions cm
−2

s
−1

dose rate. Li-rich regions are Li2ZrO3 grains (light contrast areas

in secondary positive ion image).
69
Ga

+
was not mapped in the here as it contains a

major contribution from the primary beam.
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Figure A.12: X-ray powder diffraction patterns of Ga0.15-LLZO (top) and Al0.15-LLZO

(bottom) before cell cycling, showing Ia ¯
3d space group cubic garnet and Li2ZrO3

impurity peaks (indicated by *).

(a) (b)

Figure A.13: X-ray powder diffraction patterns of (a) Ga0.15-LLZO and (b) Al0.15-LLZO

following cell cycling and failure.
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Figure A.14: Phase equilibrium diagram of the Li–Ga system at 1 atmosphere pressure.

Figure from Saint [278].
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