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Abstract

Lithium garnet materials are promising candidates as inorganic solid state electrolytes for use in all
solid state batteries, owing to their high ionic conductivity, wide electrochemical window and high
safety. However, garnets suffer from energy demanding synthesis, rapid proton exchange and high
interfacial resistance. Furthermore, even the most promising lithium garnet material (Gaylis-
3xLasZr,012) requires specialised handling and has not reached the conductivity of current solvent-
based electrolytes. In this work alternative dopant strategies into the lithium garnet system are

investigated to unlock new approaches to solid state batteries.

Firstly, the flexibility of the Pr dopant was explored, with primary aims to increase the Li conductivity
in LisLasNb201, based systems. Here, Pr was doped onto the Nb and La site with Lis.xLasNb,xPr«O12 and
LisLas«xPr«Nb,01, prepared respectively. The LisslLasNbiProsOi12 system had a room temperature

conductivity of 0.41 mS cm?, the highest reported for a lithium garnet with < 6 Li per formula unit.

Secondly, Hf based garnets have been reported to potentially offer increased electrochemical stability
compared to the Zr analogue. Therefore, GayLiz.sxLasHf,012 was synthesised for the first time and its
electrochemical properties assessed, with results indicating increased critical current density
compared to Gayli;.axLasZr,01,. This work also tackled the energy demanding synthesis of garnet

materials and proposed a new lower temperature water-based route.

Amongst the best performing lithium garnet materials are the Li substituted MyLi;.3xLa3Zr,01, (M = Ga,
Al) systems, however both dopants exsolve to the grain boundary when heated to the high
temperatures required for densification. This phenomenon, although posing some potential problems,
has not been explored as a method to reduce garnet/Li metal resistance via Ga/Al alloying. In this work,
the Ga dopant was deliberately destabilised by substitution of the smaller Nd for La to form GayLi;.
3Nd»Zr,015. The Li/garnet interfacial resistance in these systems was determined to be 67 Q cm?,
compared to 949 Q cm?for the undoped Li;NdsZr,01,, with results indicating significant Ga exsolution

after Li metal contact. A range of Nd garnets were also studied for the first time.

Much work has been conducted on the cubic lithium garnets, but comparatively little on the tetragonal
systems due to their poorer ionic mobility. These systems, however, transition to a highly conductive
cubic phase at high temperature, thought to be driven by entropic factors and increased unit cell size.
It would, therefore, be ideal if this transition was reduced to room temperature, but this first requires

a greater understanding of the tetragonal-cubic transition. To that end, a series of nine tetragonal



garnets were made; AsB,Li;O1, (A=La, Pr, Nd) (B=Zr, Hf), LasZr;1.75Ceo.2sLi;O12 and LaSr,B,Li;01, (B=Nb,
Ta). It was shown that a dependence on lattice parameters alone is inaccurate, however the B site

dopant plays a critical role.

Next, the compositional flexibility of the lithium garnet materials was tested with two high entropy
garnet systems; Gao zLis.7sLa2.sNdosNbgesCeo.1Zr1Tio.25012 and
GaozLis 7sLa2.sNdo sNbo ssTag 3Ceo.1Zro.7sHfo.25Tio 25012. Here, not only were high performing membranes
obtained, especially with such low Li content, numerous dopant properties were exploited

simultaneously and both systems (outside of stoichiometric weighing) proved very simple to form.

Finally, additional work not yet published, concentrates upon prior reports which indicate doping
tetragonal LLZO with Ce reduces Li metal interfacial resistance. Here, a new co-doped
LigsLasNbosZriTio2sCeo 25012 system was made to assess if the favourable interfacial properties are
maintained, but also if the increased lattice parameters (in a cubic cell) enable better performance.
Curiously, not only is this found true, but this system also shows extremely rapid, and simultaneous,
sintering and densification (<1h at 1100°C at 100 °C mint). This garnet was also shown to be
synthetically scalable (>15g) and to react, and remove, short circuits caused by lithium dendrites after

short rest periods.
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1. Introduction

1.1. BACKGROUND AND MOTIVATION
Technological advancement brings consistent innovation, exemplified in recent years by the

improvements in portable electronic devices, electric vehicles and renewable energy. However, a
major challenge has yet to be overcome: energy storage'. Considering a zero-emission society is

reliant upon effective storage of captured energy, this challenge is of the utmost importance® 4.

Batteries are convenient and self-contained devices that can address this challenge, however,
currently lack sufficient energy density, power density and have numerous safety concerns (where
energy density is the amount of energy stored per unit mass or volume and power density is the
amount of energy delivered per unit mass/area/volume per unit time)¥ >2. Batteries rely upon
electrochemical reactions which convert chemical energy into electrical energy through reduction-

oxidation reactions (redox) and can either be single use (primary) or rechargeable (secondary)® °.

Primary batteries create power by an irreversible chemical reaction which prevents recharge,
therefore are disposed of once depleted. Primary batteries lack the need for a reversible and stable
long-term reaction, as seen with secondary batteries (which are more complex). This enables higher
energy density anode materials (for example lithium metal)!l. Primary batteries are more commonly
orientated toward non-consumer applications, such as medical implants, but can also be found in some
consumer orientated devices, such as watches. These are not the subject of this work and will not be

discussed further®°.

Secondary batteries operate via reversible redox reactions, whereupon a charge carrier is shuttled
back and forth between electrodes. This enables the battery to be recharged and so reused?.
Secondary batteries have found use in a broad variety of devices, ranging from mobile telephony to
electric vehicles and grid energy storage®°. However, an optimal secondary energy storage device
with high energy/power density, high safety, low self-discharge and excellent thermal stability has yet
to be found’® 213 Although intense work is underway to improve current technology, secondary
batteries often find performance and stability improvements are incremental, rather than
monumental®>®%1® This is exemplified well by the rapid progression of microelectronic based circuitry
and the advancements it has brought to the computational power and portability of many devices,

whereas the energy storage required to power these devices is lagging much further behind™®.



The subject of this thesis is secondary, rechargeable, lithium ion batteries (LIBs). This work focuses
upon replacement of the hazardous, performance limiting electrolyte in LIBs (often LiPF¢ in ethylene
carbonate (EC) and dimethyl carbonate (DMC)) with a solid inorganic crystalline equivalent, which is

discussed in more depth in the succeeding sections™ &8 10,1617,



1.2. LITHIUM-ION BATTERIES
Secondary, rechargeable, LIBs are ideal candidates to address the energy storage challenge. Lithium,

being the lightest metal, facilitates theoretical design of high energy density batteries that are
lightweight and compact. LIBs also have low self-discharge, minimal maintenance requirements, long
cycle life, design flexibility and higher cell voltage (=3.6 V) than competing secondary battery
technologies, such as nickel cadmium (1.2 V), nickel metal hydride (1.2 V) and lead acid (2 V)®.
Therefore, LIBs are commonplace in a wide array of portable electronics and electric vehicles.

However, they require significant improvements to meet modern societal demands.

A primary performance challenge is to enable Li metal anodes, which have a high gravimetric and
volumetric capacity (3860 mAh gtand 2061 mAh cm™3) and a very low electrochemical potential (-3.04
V vs the standard hydrogen electrode (SHE))® ¥ 1%, This would enable a monumental leap in LIB energy
storage® 1% 18 20 Current LIBs cannot use Li metal anodes as the electrolyte is both chemically and
mechanically unstable, as the low potential of Li metal degrades the electrolyte by reduction (which
also decreases Li* concentration) and the liquid/polymer medium enables easy lithium dendrite growth
during cell operation (leading to serious safety concerns). Therefore, LIBs are restricted to lesser
performing anode materials, such as graphite (theoretical capacity of 372 mAh g, or 850 mA cm?3, for

the end LiCs compound).

However, practical cell capacity is based upon the cathode material, and oxide-based insertion
cathodes have reached a limit =250 mAh glin current experimental LIBs (see section 1.4), therefore
underutilising graphite. Commercial LIB cathodes are even lower, for example LiCoO; (LCO) and
LiNio.sMno2C00.20, have experimental capacities of 140 mAh g™ and 176 mAh g™ respectively. The
use of higher voltage cathode materials has, thus far, been restricted by the available electrolyte
systems (often 1 M LiPFg in EC/DMC), which currently limit LIB cell voltage to =4 V (vs Li/Li*). As it is the
electrolyte that determines the electrochemical window and electrode choice, further electrolyte

development is essential.

Outside these performance restrictions, current LIBs also have limited thermal windows, numerous
safety concerns, toxicity issues, are flammable and have questionable mining practices> & 10 16-18,21, 22,
These concerns, again, largely arise from current electrolytes which often have low flashpoint solvents
(for example EC/DMC) with toxic Li salts dissolved within (such as LiPFs). Therefore, improved safety,
voltage and capacity depends heavily upon the development of advanced electrolyte materials?>>. A

solid-state electrolyte (SSE) is one such solution.



SSEs will enable solid state batteries (SSB). These are envisioned to have superior safety, cyclability,

26-30

thermal stability and wider electrochemical windows compared to current LIBs and are hoped to

enable Li metal anodes?”2%:31.32

, which is discussed in depth throughout chapter 2. Unfortunately, the
discovery of an ideal SSE has been elusive. This forms the basis of this work, where improving the

applicability of the lithium garnet electrolyte system by new doping strategies is investigated?® 3931,



1.3. OPERATING PRINCIPLES OF A LITHIUM-ION BATTERY
LIBs convert chemical energy to electrical energy via redox reactions. A LIB cell is comprised of a

cathode and anode material coated onto a metal current collector, often Al and Cu, respectively, see
figure 1.1 (the term cathode and anode in LIBs is somewhat of a misnomer, as this definition is
dependent upon the state of charge. Although the anode is referred to as the negative electrode, and
the cathode as the positive electrode, this is only strictly accurate during discharging of the cell). With
LIBs, generally, the cathode refers to a transition metal oxide material (where reduction occurs during
discharge) and a graphite anode (where Li oxidation occurs during discharge). Situated between the
electrodes is an ionically conductive and electronically insulating electrolyte. A porous separator is also
present between the electrodes to prevent a short circuit. A common LIB cell example would be
cathodic LiCoO,, anodic graphite, an electrolyte composed of LiPFs dissolved in EC/DMC and a

polyolefin-based separator, see figure 1.1.
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Figure 1.1 Operating principles of a lithium-ion battery, based upon the "rocking chair" model, using a graphite anode,
LiCoO; cathode and a Li* conducting electrolyte.
As a LIB discharges, Li* moves from the negative electrode (with higher chemical potential) to the
positive electrode (with lower chemical potential), the reverse being true during charge. During
discharge, there is an excess of electrons at the anode (graphite in this example) which are released

once an external wire is connected. This also oxidises lithium to Li*. The released electron travels into



the external circuit, perturbing the free electron drift velocity within the external conductive wire
toward the cathode, aided by the potential difference between the electrodes and the electronically
insulating electrolyte. This results in current flow and powering of any connected electronic device.
Simultaneously, Li* is removed from the anode and released into the electrolyte, see figure 1.1. This
perturbs the ionic equilibrium in the electrolyte, causing an Li* ion elsewhere in the electrolyte to
intercalate into the cathode, which reduces the cathode via the addition of an electron from the
external circuit). The electrolyte ensures the ionic and electronic contributions remain separate. When
the battery is recharged, these reactions are reversed. This forms the LIB rocking chair model, as Li
“rocks” back and forth between the electrodes. During cell operation Li* would, ideally, be transferred
completely between electrodes, with no loss during cycling from side reactions, but perfect Li*

transport is not observed in practice.

The cell potential, E,;;, under non-standard conditions can be calculated by the Nernst equation. This
equation links the reversible potential of an electrode to the standard cell potential, ES,;, and
accounts for the relationship between the electrode potential and concentration of the oxidised
species, Ox, (at the anode during discharge) and the reduced species, Red (at the cathode during
discharge) (and at different temperatures and pressures)3. This is shown in equation 1.1.

RT [Ox]

Ecen = EQy +n_Fln [Red]

1.1

where n is the number of electrons transferred, R is the gas constant, T is the temperature and F is the
Faraday constant (96485.3 C mol™). £ is calculated in volts (V). The standard cell potential, ES,;;, is
when the concentrations of the oxidised and reduced species have equal contributions under standard

conditions vs the standard hydrogen electrode (SHE). Ege” is related to the Gibbs free energy thus:

0 — 0 .

Where:
0 . ()] 0 i
Ecell - Ereduction - onidation 1.2ii

where EX 4uction @Nd Eoyidation are determined from the respective standard electrode potentials, E°,
for each half reaction. The potential between the cathode and anode when electrons are prevented
from flowing is the open circuit voltage, Voc. Vo, assuming equilibrium conditions, is the equilibrium

potential and can be calculated via equation 1.2ii , whereas the Nernst equation describes how V.



changes under non-standard conditions. V,. depends upon all cell components but is limited by the

electrolyte (see section 1.5.)

To charge the battery and force electrons back to the anode an electric potential greater than the

equilibrium potential is required, which can be determined as per equation 1.3% 3438,

L=u+zFo 1.3

where p is the chemical potential and ji electrochemical potential of the lithium atoms (assuming a LIB
example), where u = i in the absence of any applied voltage. z is the ionic charge and @ is the

potential.

Assuming a cell with a LiCoO, and graphite electrodes, the overall electrochemical reactions are given

by the half-cell equations from the electrode materials, see table 1.1%.

Table 1.1 Redox half equations for Li;«CoO, and graphite-based LIB, with overall cell equation during discharge.

Equation Potential (vs Cell component
SHE)
LixCs < 6C + xLi* + xe” E° =-290V Anode

Li1xCo0, + xLi* + xe" = LiCoO, E° =120V Cathode
LixCs + LizxC00, S Cg + LiCoO,  E%,,=4.10V Total

cell —



1.4. LITHIUM-ION BATTERY DEVELOPMENT
M. Stanley Whittingham first experimentally demonstrated LIBs in the 1970s, with metal

dichalcogenides as the intercalation cathode compound (e.g. TiS,), Li metal anodes and lithium
perchlorate in dioxolane as the electrolyte>®1*3%41 These LIBs showed excellent promise, but Li metal
reactivity enabled explosive side reactions and lithium dendrite growth. Later, an Al-Li alloy was used
as the anode to mitigate the metal instabilities; but this significantly limited the cycling performance
due to extreme volume changes during operation®. Sulphide-based cathodes also generate H,S gas in
contact with moisture, have costly synthesis and require sealed conditions**. Therefore, these

batteries saw little commercial use and research was discontinued by Exxon.

Figure 1.2. LiCoO; crystal structure, showing the layered trigonal R3m structure which enables Li* (yellow) intercalation3334.

Although Bell Labs, in the United States, were also making significant oxide cathode material advances
around this time**, it was not until the seminal work from Goodenough in 1980, which proposed the
LixMO, series of cathode materials (M = Co, Ni, Mn), that the potential of LIBs began to be realised.
LiCoO; (LCO) in particular led to the first commercial LIB and still remains a popular choice of cathode
material to this day****8. The Li\MO; cathodes were paired with lithium metal anodes initially (which
progressed to a Lip1V.0s cathode due to Li metal instabilities, one of the few cathode materials

available at the time) and an electrolyte composed of 1M LiBF, solution in propylene carbonate (PC).

+

LCO is trigonal (space group R3m) and crystallises in a layered structure that accommodates Li

intercalation between the atomic planes, with three CoO; per unit cell (stacking order ABCABC) that



facilitate a two-dimensional Li* migration channel, see figure 1.2. LCO has a high practical energy
density of 150-200 Wh kg!, a reasonable open circuit voltage (4 V vs Li/Li*), low self-discharge and
good electronic conductivity (from the edge shared octahedral array of CoOg units)*”4%5°, LCO has a
theoretical capacity of 274 mAh g, however this assumes one mole of Li can be extracted as per
LiCoO;, but in practice < 0.5 moles can be removed before structural collapse. This arises from the
physical and chemical instabilities of the Co*7** redox couple, whereby the Co®7** ty; and 0% : 2p orbital
overlap. This limits the experimental capacity of LCO to 140 mAh g}, see figure 1.3. The Li extraction
restrictions stem from LCO, in the Co**:3d® configuration, having a filled t,; band and an empty e, band.
However, as lithium is extracted during charge (where Co** is oxidised to Co*) the t,; band electrons
are removed. As the t,; band overlaps the 0%:2p band, deeper lithium extraction (=> 0.5) removes 0%
:2p band electrons and gives O oxidation. This removes lattice oxygens from LCO and enables

unfavourable phase transitions which limit the amount of extractable Li to =0.5 per formula unit (pfu)®..
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Figure 1.3. Density of states diagram of LCO illustrating the overlap of the Co3*/** redox couple with the 0%:2p orbital, thus
reducing theoretical capacity from 274 mA h g to 140 mA h g™*. LNO is also shown, whereby oxidation of Ni involves only
the eq4 band, therefore minimising the theoretical and experimental capacity difference®®.

Conversely, Ni oxidation in LiNiO2 (LNO) (isostructural with LCO) involves only the e; band -- which lies
above the 0%:2p band. Therefore, this should minimise oxygen lattice changes during Ni oxidation at

deep Li intercalation levels. Hence, LNO maintains a real capacity (220 mA hg?) closer to the
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theoretical (275 mA hg')*2. However, LNO presents separate challenges. LNO is difficult to prepare, as
Ni®* is unstable above 250 °C and thus problematic at the high temperatures required for synthesis. As
such, Ni?* precursors are used, but this invariably gives some Ni?* in LNO. This Ni?* substitutes onto the
Li site, giving poor Li* mobility and poor rate capability. LNO, even assuming phase purity, also lacks
the structural stability of LCO and undergoes a significant series of phase transitions dependent upon
lithium intercalation states. This gives severe capacity fading when 0.5 < Li < 0.75 (compared to LCO).
These increasingly deintercalated phases enable accelerated electrolyte degradation (from O
evolution) and exothermic oxidation of the electrolyte as the LixNiO, structure collapses (from
destabilisation of Ni** to Ni?** at elevated temperatures)®>%>3, Therefore, LNO has thermal instabilities

and safety concerns.

LiMnO; (LMO) is an attractive alternative to LCO and LNO. LMO has considerable separation between
the 0%:2p bands and a high theoretical capacity (285 mA h g1). However, LMO is not isostructural with
LCO/LNO and crystallises in an orthorhombic phase (space group Pmmm). Therefore, LMO does not
benefit from the same structural stability on lithium deintercalation, instead undergoing a structural
breakdown upon even a small amount of lithium removal. This forms a spinel type LiMn,04 phase with

poor cycle life>,

However, despite the discovery of LiyMO; cathodes the issues with Li metal anodes remained and other
counter electrodes, although giving interesting results, considerably reduced cell voltage. For example,
the first LCO cell had a voltage of 4 V (with lithium metal) reduced to 1.5 V, as only Lip1V,0s was
available to test vs LCO. Therefore, the full modern-day LIB was not complete until the switch away
from Li metal to anodic carbonaceous materials. This was first reported by Yazami and Tauzin in solid
polymer electrolytes, whereby reversible Li*intercalation into graphite was shown but sustained only
briefly before cell failure®. Later, in 1986, Yoshino patented and fabricated a fully operational LIB cell
using petroleum coke®®. Although the amorphous nature of petroleum coke limits capacity (=Lio.sCs)
compared with the ideal end graphite compound (LiCg), this was the first commercialised battery (via

Sony) owing to its cycling stability. The move to graphitic anodes (to enable LiCs and thus increased

57-59 +

capacity) remained unrealised until the mid 1990s>’~°, as the initial attempts of reversible Li
intercalation into graphite failed due to co-intercalation and electrolyte decomposition (Li* salt in PC).
PC also resulted in graphite exfoliation from the current collector and battery failure> %51, However,
in 1990, Fong et al. showed Li intercalation reversibility in graphite could be enabled with ethylene
carbonate (EC) based electrolytes, due to formation of a protective passivating solid electrolyte

interphase (SEI) layer on the graphite surface®?. EC was also shown to improve ionic mobility, enable
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greater stability with 4 V (vs Li/Li*) cathodes and have suitable electrode wettability. However, the high

viscosity of EC alone made it unsuitable for immediate use in LIBs.

Despite the lack of an appropriate electrolyte, Sony commercialised LIBs in 1991 based upon Yoshino’s
patent with a PC based electrolyte and a coke anode, but research continued to find a suitable
electrolyte composition to fully enable graphite anodes. This, ultimately, led to the use of LiPFe
dissolved in EC and DMC, as reported by Guyomard and Tarascon in 1994%, DMC diluted the highly
viscous EC and increased cell performance, but still prevented graphite exfoliation. LiPFgin EC/DMC
enabled the modern-day LIB and remains the commercial electrolyte of choice in cells with graphite

electrodes, however, it is not ideal. This is discussed in the succeeding sections.
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1.5. ELECTROLYTE
Electrode materials have seen impressive progress in recent years, with various metal oxides and

polyanionic compounds being discovered® %7

. Conversely, the electrolyte system has seen less
progress, despite considerable efforts. The electrolyte determines the battery current (power density),
time stability, electrochemical stability window and battery safety (whereas the electrodes determine
energy density and cyclability). As intimate contact is made at the electrolyte/electrode interface (and
throughout the cell), chemical stability issues will arise if an electrolyte is incorrectly tailored to the
electrodes (such as electrolyte degradation by undesirable oxidation/reduction). Therefore, stable cell

operating potentials depend upon the stability window of the electrolyte, which restricts electrode

choice’?.

Electrolytes are often based upon lithium salts dissolved in organic solvents. This has primarily been
the case since the discovery of LiPFs in EC/DMC in 1994%, with this electrolyte system still being
commonplace in LIBs’> 73, Electrolytes in this category are flammable, toxic, non-renewable, have
limited thermal stability windows and narrow electrochemical windows (Vo =4 V vs Li/Li*) that make
the use of high voltage cathode materials (such as LiNig.sC00.15Alo.0s02 and LiNigsC00.1Mno.103) difficult.
Polymer electrolytes (which host Li salts in a polymer matrix) or ionic liquids can overcome some
toxicity and stability issues, however, these have separate concerns (such as poorer ionic mobility than
organic electrolytes, higher operating temperatures or increased cost)’” ’>. However, even if the
drawbacks of these electrolytes were addressed, the liquid/polymer medium will not tolerate use of
Li metal anodes (see below). As Li metal is the ideal anode material for LIBs (and can act as its own

current collector) it is considered a primary goal for next generation energy storage® & 10,1619, 21-25, 76-78

Li metal anodes alter the rocking chair model, as they involve generation of a mobile Li* species at the
anode during discharge and subsequent reformation of Li metal during charge, rather than
intercalating as seen with graphite. This presents numerous mechanical issues with respect to the
liquid or polymer medium of current electrolytes, as Li stripping and plating during cell operation gives
uneven Li deposition. This enables lithium dendrite growth which worsens with repeated cycling and
ultimately, extends between electrodes and short circuits the cell. Although smaller short circuits can
result only in performance degradation, larger dendrites enable quick discharge between electrodes
and can give battery temperatures exceeding 500 °C, enabling device ignition and thermal runaway®®
10, 1618, 21, 22 Assuming these mechanical instabilities could be addressed, the exceptionally low
potential of Li metal also reacts rapidly with current electrolyte materials. This degrades the

electrolyte, giving safety concerns, “dead Li” and severe capacity fading’’. Dendritic growth is also not
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solely confined to Li metal, as the lower the potential the more likely Li metal plating can occur on the
anode. This can arise with graphite from over lithiation due to loss of active material on the negative

electrode from high charging rates, solid electrolyte interphase issues/destruction, electrolyte solvent

reactions or low temperature operation’%°,

An ideal LIB electrolyte consists of?®879%;
e Li*ion transference number close to one
e highionic mobility
e negligible electrolyte-electrode resistance, good interfacial stability and charge transfer
e lithium metal anode stability
e electrochemical stability > 4 V vs Li*/Li
e wide thermal stability window
e negligible electronic conductivity

e inert to other cell components

minimal toxicity/environmental hazards

Presently, no material has all the required properties, but not all are required simultaneously for a
functioning energy storage device. Current LIB electrolytes are commercially acceptable when o2 10
3S cm?, are stable in an operating voltage window =3.2-3.6 V (vs Li/Li*) and have low electronic
mobility. The remaining issues have yet to be fully addressed?® 38’ LIB electrolytes are classified into
liquid electrolytes, ionic liquids, polymer electrolytes and solid-state electrolytes (SSE), only the latter

of which is discussed in this work.



14

1.5.1. Electrolytes - Electrochemical Considerations
LIB electrode choice depends upon tailoring electrode chemical potentials to the lowest unoccupied

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the electrolyte; the
electrodes must be chemically stable in the window between the electrolyte energy bands. Within LIB
research the most used model of electrolyte stability considers electron transfer with respect to the
electronic levels in the electrode. Figure 1.4 shows the relative band energies of the cathode, anode
and electrolyte. The anode and cathode are electronic conductors, with chemical potentials of p, and
Ue respectively. When the W, is above the electrolyte LUMO, the electrolyte will be reduced.
Correspondingly, when the . is below the HOMO the cathode will oxidise the electrolyte. These
reactions degrade the electrolyte, which should remain inert and only facilitate ionic movement and
charge transfer favourably at the interface during cell operation; it should neither be reduced or
oxidised. Therefore, the W, and g must be below and above the electrolyte LUMO and HOMO
respectively throughout cell operation. Accordingly, the separation between the electrolyte HOMO
and LUMO is the electrochemical window in which the electrolyte is considered stable.

Energy

_______________________
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Electrolyte
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Figure 1.4. Diagram illustrating HOMO/LUMO considerations of electrolytes with respect to electrode materials. Additionally
shown is the effect of the SEl layer, and the corresponding alteration of the molecular orbital energy levels, that enable cell
stability.
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Therefore, thermodynamic stability requires locating the electrode electrochemical potentials within
the window of the electrolyte, which is a major challenge, see figure 1.4. This constrains the open

circuit potential (Vo) of the battery to equation 1.4.
eVoc = Hg — H¢ < Eg 1.4

where e is the electron charge magnitude and £, is the energy gap between the HOMO and LUMO.
The HOMO/LUMO levels of an electrolyte can be estimated from the first adiabatic electron transfer
to and from the bulk of the electrolyte. Despite incorrect tailoring of the electrodes to the
HOMO/LUMO of the electrolyte causing degradation, those electrolytes/electrodes with only slightly
mismatched energy levels have been shown to form a solid electrolyte interphase (SEl) layer. These
SEl layers passivate the electrodes and are ionically conductive but electronically insulating, therefore
protecting from further electrolyte degradation. This enables cell operation at the cost of significant
initial capacity fade. The SEI effectively alters the electrolyte energy levels with respect to the

electrodes to enable cell stability.

The most well-known SEI example is graphite, which has a low potential of 0.2 V vs Li/Li*, this results
in Wa> LUMO but not excessively so. Therefore LiPFg (in EC/DMC) is initially unstable with graphite and
reduces during cycling. This forms an SEl layer (which can take a few cycles to be optimum) that
protects the electrolyte from further reduction (although SEI growth continues throughout battery
cycling). This is essential to battery operation, but at the cost of a large initial loss of energy and power
density (15%), due to the reaction of Li in the cathode and electrolyte to form the SEI* 7% 8, SE|
formation is attributed to ethylene carbonate, the electrolyte solvent, which is why it is present in
almost all non-aqueous electrolytes, thinned with other carbonates®. Reports have also suggested a

similarly protective layer forms over the cathode® °> %3, but neither SEl is fully understood.

The electrolyte HOMO/LUMO model is designed more to assess simple electrochemical systems, such
as those using H* aqueous electrolytes, as it presents only outer sphere charge transfer not the
solvation effects (or any other interactions) between species within the electrolyte. Therefore, in LIBs,
where lithium salts are dissolved in non-aqueous solvents or polymers, an accurate estimation of

electrolyte stability windows needs to consider both the salt and the solvent. This is much more

94-96

complex. More sophisticated approaches using free energy calculations or surface-induced

72, 91, 97-100

reactions are required. An in-depth analysis of this lies outside the scope of this work,

however this electrolyte stability model is the most common reported in the literature® 1% 10! despite

presenting some potential misconceptions (arising from outer sphere charge transfer assumptions).
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1.6. loNic CONDUCTION IN SOLIDS
This work primarily discusses inorganic solid-state electrolytes (based on the garnet structure), so ionic

conduction within a crystal framework must be discussed. lonic conduction in solids requires ion
mobility within the crystal framework. lonic movement in many solids is very restricted until high
temperature, however some solids have tunnels and/or channels which facilitate ionic migration. lonic
movement is temperature dependent, as increased temperature gives increased atomic vibrations and

thus mobility.

In a perfect crystal (at 0 K) all ions are arranged in a regular periodic array and rested on their ideal
lattice positions, stacked in closely packed form. Any temperature > 0 K and crystals are imperfect —
for example at > 0 K atoms vibrate which in itself may be considered a form of defect'2, In a perfect
crystal the free energy is dominated by the potential energy, with the atomic arrangements at 0 K
minimising the total potential energy. When the temperature is increased, so too are the entropic
contributions to free energy. At > 0 K the system is attempting to minimise the additional free energy
via increased entropy. This leads to defect formation. Therefore, crystals are invariably imperfect — as
a certain defect concentration will lead to a reduction in the free energy. It is these defects which
facilitate ionic movement. Real world systems have more pronounced defects — as atoms are not
perfectly present throughout the framework and are inevitably misplaced within the crystal structure.
Defect concentrations vary between crystal systems. In some, such as quartz, this can be very minimal

but in others this can be much higher'®,

Defects can be intrinsic, whereby the crystal structure is unchanged, or extrinsic via doping with
aliovalentions. Intrinsic defects have two major categories: line defects and point defects. Line defects,
or dislocations, are spatially extensive and disturb the lattice periodicity. Point defects, which are more
relevant for ionic conductivity and this work, arise when unexpected vacant sites occur or when atoms

occupy the space between their normal sites (interstitials).
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1.6.1. Intrinsic Defects - Point Defects
Intrinsic point defects can be discussed in terms of “Schottky" and “Frenkel” defects. These are

generated at any temperature > OK (due to disorder). These form the basis of the vacancy and

interstitial ionic conduction mechanisms, respectively.

Schottky defects describe the removal of charge balanced numbers of oppositely charged ions which
have left their corresponding lattice sites. This creates vacancy-based defects, see figure 1.5. As both
anion and cation sites are vacant local electroneutrality is maintained, although the removed atoms
are still present somewhere in the overall crystal framework (local density reduces due to the
vacancies). Schottky defects may be distributed randomly within the crystal or may be associated into
pairs and/or larger clusters, therefore are far more complex than represented in figure 1.5. Schottky
defects are more common in solids where the anion and cation are of similar size, such as KBr and

NaCl.
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Figure 1.5. Schematic representation of an ideal crystal structure, with Schottky (middle) and Frenkel defects (right). Blue
atoms are cations, while red are anions.

Frenkel defects involve an atom displaced off its lattice site into a vacant interstitial, see figure 1.5.
These defects more commonly describe a single ion (usually cation) which can effectively “wander”
due to electrostatic attraction between the oppositely charged interstitial sites. This forms an ionic
pair and enables ionic movement. This is a direct interstitial, whereby an atom moves between one
interstitial site to another. Frenkel defects are more common in ionic solids where the anion is
substantially larger than the cation, such as in the garnet system with Li* and O%. However, anion-

Frenkel defects are possible in some systems, such as CaF,.
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Using the garnet system as an example, whereby ionic mobility is dominated by an interstitial
mechanism, the Kroger-Vink notation (which is a set of conventions for describing point defects in
crystals) would correspond to equation 1.5.
! ®
Null = VLi + Lli 1.5
where Null Lijhe defect creation from the perfect crystal, V{; is the lithium vacancy with a formal +1
1

chargeand s the Li* interstitiall% 104,

1.6.2. Extrinsic Defects
Extrinsic defects arise upon doping of the pure crystal with aliovalent ions. These can arise

unintentionally but is more often by design to enhance certain properties. This can be done via
processing under specific atmosphere or by altering the starting materials intentionally. For example,
the most studied garnet is Li;LasZr,01,, which is tetragonal. However, this can be readily doped with
Ta to form a LissLasZrisTags012 system, which changes the system to be highly conductive and cubic.
In this scenario Ta®* is the donor atom, as it has a higher charge than Zr*, which introduces lithium
vacancies to maintain charge neutrality. If the valences were reversed and the dopant was of a lower

charge, it would be an acceptor atom. This system corresponds to the Kroger-Vink:

Ta,0s + 22rf + 2Li% = 2V/, + 2Tay, + Li,0 + 27Zr0, 1.6
Vegard’s Law states that, within a crystal structure with a deliberately increased dopant concentration,
that the unit cell parameters should change linearly with the solid solution composition'®. This is,
however, only approximately obeyed as measuring the actual (instead of intended) stoichiometry of
intentionally doped atoms in the bulk material is difficult, especially with techniques such as X-ray
diffraction. Vegard’s law implicitly assumes that unit cell parameters are governed purely by the
relative sizes of the dopant atoms/ions in the solid solution, hence implying atomic replacement is a

simple substitution mechanism and thus creating a linear dependence’®?.
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1.6.3. lonic Conductivity
In most ionic solids, and most assuredly in an ideal crystal, atoms lack the thermal energy to move

easily and are trapped on their lattice sites, although they vibrate continuously. Solid electrolytes,
however, have ions which are not bound to lattice sites — this enables a structural component to move
throughout the crystal framework, often via channels or open tunnels within the structure. This is a
thermally activated process, as atomic oscillations and defect concentration are increased above 0 K.
Upon reaching a certain critical temperature ionic mobility becomes possible, hence ionic conductivity
(o) ensues via vacancy (Schottky) and/or interstitial (Frenkel) type mechanisms, see figure 1.5, lons
can move within these structures via ionic diffusion or conductivity. lonic conductivity is driven by the
application of an externally applied electric field (electrochemical potential gradient), whereas
diffusion is dependent upon a negative chemical potential gradient!®. These terms are, however,
commonly used interchangeably in the literature as it is often difficult to separate both contributions

in real world systems, but this thesis corresponds to ionic mobility under an applied electric field.

Long range transport in solid electrolytes, by definition, occurs via cations or anions (as opposed to
electron mobility). SSEs can be considered to adhere to liquid like movement in a molten state, thus

partial conductivity (o) can be expressed by equation 1.710% 107,108

o; = Nyqi; 1.7

w:y
I,

where n; is the mobile ion concentration of type q is the elementary charge and y; is ionic mobility
(m? s V1), These factors are temperature dependent and follow Arrhenius-type behaviour. n; and p;
are highly dependent upon defect concentration and atmosphere. ¢ is expressed in Siemens
(reciprocal of an Q) per cm (S cm™), where one Siemen is the conductance which allows a current of
one ampere across a potential drop of one volt (one ampere per volt). The total conductivity (o) in a

ceramic material is hence given by the sum of the partial conductivities (o) associated with each charge

g=zgi 1.8

i

carrier as per equation 1.81%,

The relation of partial conductivity (o;) to the total conductivity (o) is the transference (or transport)
number (t;), which should ideally be close to unity at the desired operating temperature/pressure. The

form in equation 1.9 considers only a single non-interacting charge carrier'°:

0;
T; = ; 1.9
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Current solvent-based LIB electrolytes have a 1; < 0.51% 119, The low t;in conventional LIBs indicates
large portions of the current relate to anion motion. This arises due to strong preferential solvation of
Li* over its counterion within the electrolyte, which results in a bulky solvation shell around Li* that
limits the t*%°. Polymer electrolytes also suffer from low t;as Li*is tightly bound within the polymer. As

no solvent/polymer matrix is needed with SSEs, their t;is close to unity.

The conductivity of an SSE is related to the diffusivity of the mobile ions!®. This is expressed via the
Nernst-Einstein equation which gives the relation between the random diffusion coefficient (D;) and
charge carrier mobility!® !, Here ks is the Boltzmann constant, z is the charge number, g is the

elementary charge and T is temperature®> 12,

D; = 28T 1.10
nizfq

Often, due to considerable differences in size between ions in solid conductors, a single charge carrier

dominates (such as Li* in the lithium garnet materials), with ionic conductivity influenced by charge

carrier concentration, temperature, and the availability of vacant accessible sites (controlled by defect

concentration). For ionic conduction to occur in solids some, but ideally all, the following conditions

should be satisfied%:

e Large number of mobile ions

e Large number of vacant and/or interstitial sites for the mobile ions to migrate into

e A highly polarisable anion framework

e Empty and occupied sites with similar potential energies that have a low, and consistent,
activation energy for site migration

e A structural framework with open channels and/or tunnels to allow ionic migration

Upon application of a sufficient external electric field to a solid conductor which meets some (or all) of
these requirements (at a certain temperature) ionic conduction ensues. This enables ions to move
between crystal lattice sites with a superimposed drift velocity that corresponds to the electric field,
resulting in current flow, whereby the mobile ion hops along a pathway which offers the lowest energy,
see figure 1.6. This forms the “hopping” model of conduction, where an ion hops between sites. In the

absence of an electric field no net charge transport is observed (assuming no chemical potential
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gradient for diffusion), as hopping motions are restricted to the ionic free drift velocity and is, thus,

random with activation energies equal in all directions.

Reverse Jump

""—O ~ Forward Jump
1.4 1 Rest Positi O
—ceskE est Position ," Y .

. 1
. i 3 ciesE

Energy

s/2

Y

Distance

Figure 1.6. The effect of an electric field on the migration of a charged species in an ideal, homogenous crystal. Here AH, is
the activation energy when no electric field (E) is present and ce is the force exerted on a charged particle of type i over

distance s. A charged particle, on application of an electric field, has decreased activation in the forward direction by % ciesk

but has increased activation energy in the reverse direction by the same amount, thereby enabling directional current flow.
Adapted from®>

On application of the electric field the “hopping” jump frequency is increased, with a corresponding
decrease in the negative direction. Therefore, activation energies are changed. In the forward direction
the activation energy is reduced and in the reverse direction it is increased. See figure 1.6. The net flux
density is, hence, the difference in the number of jumps in the forward and reverse directions'%. The
energetic barrier which must be overcome to enable hopping is thermally activated and follows
Arrhenius type behaviour, see equation 1.11:

=)

o= Aexp(W 1.11

A, the pre-exponential factor, contains several terms including the vibrational frequency of the mobile
ions, the distance the ion moves and the size of the external field. A plot of Log.o against T should
give a straight line with a slope of -E./R as per appendix 1. Where E,is the activation energy to enable
ionic movement over the analysed temperature range. This is commonly expressed in electron volts

(eV), the derivation is in appendix 1.
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2. Literature review — Solid State Electrolytes

SSEs, and by extension SSBs, are a relatively experimental class of materials, however, are expected
(once commercialised) to yield a new age of energy storage. These devices replace the conventional
electrolytes in LIBs with a solid, be that a solid which exhibits long range order or one which is
amorphous. These materials are expected to fulfil most, if not all, of the ideal electrolyte properties
outlined in section 1.5. However, all components in a LIB are currently solid it is only the electrolyte

that remains to be replaced, but a suitable SSE has yet to be found.

The first solid crystalline material reported with charge transport properties was by Michael Faraday
in 1883, whereupon Ag;S and PbF, were observed to increase in conductivity with increased
temperaturel. However, this work exclusively considers Li* SSEs, and it was not until the 1990s that
LiqPOyNz (LIPON) was discovered, which remains the only solid state ionic Li* conductor to be
commercialised (owing largely to its ability to be used as a thin film material). LIPON is an amorphous
glass with short range order and was first prepared by Oak Ridge national laboratory by partial N
substitution into amorphous LisPOs via N, gas synthesis with y-LisPO4s%. More recent work has
investigated alternate thin film deposition techniques, such as radio frequency magnetron sputtering®
6, atomic layer deposition” ® and chemical vapor deposition® 1° but these remain quite expensive by

comparison® % 1113,

LiPON SSEs have a wide electrochemical window (=5.5 V vs Li/Li*), high cyclability (>10000), very low
electronic conductivity (=1012- 10 S cm), and good electrochemical stability toward anodic lithium
metal®>* %15 LIPON, however, has poor ionic mobility, with a peak of os:c of 3 x 10® S cm™ for thin
film Li2oP0O33No.4s, Which worsens in bulk samples to ozs:c = 107 S cm™* %39 1518 This is relatively low
compared to other SSEs, and too poor to be used in anything but more specialised applications. LIPON
is also amongst the only SSE to have worse performance when analysed in bulk powder in pellet form

compared to thin films.

Polymer electrolytes, which are generally composed of polymer salt complexes formed between
polymers and alkali metal salts (such as LiPFe/LiCF3S03), use a polymer as a solid solvent to host Li* for
ionic transport. Polymer electrolytes are flexible, resilient, commercially scalable, have low
flammability, easy processability, increased vibration/shock tolerance, good mechanical deformation
(compared with conventional LIBs), good electrolyte/electrode contact, can eliminate porous
separators and can be formed into thin films to improve energy density'> %. lonic conductivity here

differs from other electrolytes, as polymer electrolytes facilitate ionic movement via local relaxation
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and segmental motion of the polymer chains above the glass transition temperature, rather than by a
liquid medium or crystal framework?> 2!, However, polymer electrolytes have poor o, (10%—10%*S cm"
1), narrow thermal stability, use toxic Li salts, have limited electrochemical windows (=4V vs Li/Li*), are
unstable with lithium metal and are costly compared to conventional LIBs?® 22, Nonetheless, polymer

electrolyte batteries have been successfully commercialised.

Numerous oxide and sulphide based SSEs with Li* conduction have been reported, such as NASICON-
type Li* conductors, Lithium Super lonic CONductors (LISICON/thio-LISICON), sulphides, lithium
perovskites/antiperovskites and lithium garnet materials®*%. However, despite intense SSE research
none have all the desirable electrolyte features. Many of the oxides and sulphides reported either have

high electrochemical stability or high ionic conductivity?>-3!

and additionally suffer from one, or more,
of the following; poor wetting between electrode/electrolyte (hence large interfacial resistance),
energy demanding and/or time consuming synthesis (often using solid state methods), ambient
stability problems and issues being formed into a thin film?% 3246 These issues in mind, however, do
not show the excitement building in the battery community and the phenomenal progress made in

recent years.
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2.1. NASICON AND LISICON
Sodium Super lonic CONductors (NASICON) type Li* conductors first arose as potential Na* based

electrolytes, and were first investigated by Kierkegaard in 1968 with NaA,**(PO.)s (A = Ge, Ti, Zr)*" 8,
Later, Goodenough et al. reported a 300°c of 55 mS cm™ with Na1:+xZr2P3SixO12 (0 < x < 3)*°. NASICON
SSEs afford a 3D ionic pathway via a covalent skeleton of [A,P301,], with charge carriers migrating by
two interstitial octahedral positions (MO and M’’Og) which corner share with an XO4 unit. lons transit
from one site to another through bottlenecks, the size of which is dependent on the skeleton and

interstitial ion size*” %% 32,

Considering the similarities of Li* and Na*, NAISCON-type Li* conductors were initially prepared by Li
substitution to form LiZr,(PO4)s and then LiZr,4Tix(PO4)s. These had excellent air stability but poor o (=
108S cm™)52 | Later (1989), Zr substitution with Ti and Al gave Li; 3Alo3Ti17(PO4)s (LATP) with a 025ec = 3
mS cm™, an exceptionally high value even now®**°. This was attributed to the substitution of the
smaller AI** enhancing the bottleneck pathway®. However, LATP based materials undergo facile Ti**
reduction in the presence of Li metal. Therefore LTAP has a narrow electrochemical window (2.5 V vs
Li/Li*)*". Use of Ge rather than Ti, as shown with Li1.AlxGe,.x(PO3)s, enables stability up to 7 V (vs Li/Li*)*®

but the Ge precursors are costly®™.

Figure 2.1. Clockwise from left to right, LATP (NASICON) with a trigonal cell (space group R3cH) Liz.55Geg.45Si0.10V0.4504
(LISICON) with an orthorhombic cell (space group Pnma) and Li;P3S1; (with a triclinic cell (space group P-1))** 33 %8,
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Lithium Super IONic CONductors (LISICON) were pioneered with Liis.2xMx(XO4)s (M = Mg*or Zn#, X =
Si** or Ge™) by Hong et al., see figure 2.1. LISICONSs are structural analogues of y-LisPOsand thus differ
from NAISCON. Li1sZn(GeO,)s had a o33c of 1.3 x 10° S cm™, a high value for 1978°%%, Li* ionic
conduction here is also controlled by the bottleneck size from neighbouring Li* sites and between Li*
and O%. However, LISICONs have a limited migration pathway as bottlenecks resemble two
dimensional parallelograms®®. Subsequent reports improved ionic conductivity, with LissGeosVOs and
Liz6GeosVo40s (018c = 10° S ecm?)®2, LissSiosPosOs (01sc = 10° S cm?) % and recently,
Li10.42Si1.5P1.5Clo.08011.92 and Li10.42Ge15P15Clo0s01192 (both o1sc = 10°) . Computational work has
suggested LisAl1/3Si1/6Ge1/sP1/304 has a 027:c of 9x10* S cm™, however the highest experimental 6;s:c to
date is 5.8 x 10° S cm? with LizssGeoasSio10Vo4s04 ®°. Therefore, LISICONS, despite a wide
electrochemical stability window (up to 9 V vs Li/Li*) and excellent air stability, lack the ionic mobility

required for an SSB>Y 6465,
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2.2. SULPHIDE ELECTROLYTES
Several sulphide based electrolyte classes have offered promising performance: Thio-LISICON,

Li;oMP,S12 (M = Ge, Sn, Si) (LMPS), Argyrodite type LigPSsX (X = Cl, Br, 1) and Li;P3S1:. All offer high oy
from =1 — 20 mS . This is competitive with solvent-based electrolytes, such as 1M LiPFsin EC/DMC
(025.c * 11 mS cm™). The high ionic conductivity of sulphide SSEs, compared to oxides, stems from the
lower electronegativity of S (compared to O). This gives a weaker interaction between S* with Li* and
hence the larger (and more polarisable) S enables increased ionic mobility®®®°. Thio-LISICONSs serve as
an excellent example, S% substitution for 0% Liz25Geo25P0.7554 gave a 0zs5:c of 2.2 mS cm™, which is
considerably higher than the oxide counterpart %74, Sulphide SSEs also benefit, generally, from being

much softer than oxide materials, enabling dense membranes by simple compression moulding.

LMPS was first synthesised by Kamaya et al. but relates to the initial Thio-LISICON reports’>7’. Kamaya
et al. synthesised the LijoGeP,S1, (LGPS) system and reported o, of 12 mS cm™. The LGPS structure is
tetragonal (space group P4,/nmc) and consists of PS4, LiSs and (Ge/P)Sstetrahedra and LiS¢ octahedra.
LGPS has four separate Li sites (two in each of the LiSe and LiS, polyhedra). The two Li sites in LiSsform
an edge shared tetrahedral chain which affords a one-dimensional Li* migration pathway along the ¢
axis’®. This is thought to be the primary pathway at room temperature. The two Li sites in the

octahedral LiSsare edge shared and enable a less favourable conduction pathway along the ab plane®”

79

Argyrodite type LisPSsX (X = Cl, Br, I) materials were first synthesised by Deiseroth et al. with a reported
o> 1mS cm® (space group F43m) % 882 [iPSs| was reported with fully ordered $? and I', whereas
LisPSsBr has a mixture of ordered and disordered S*/Br sites. LisPSsCl has a fully disordered S*/CI
arrangement® &_ |t has been computationally suggested in LisPSsCl that three Li sites coexist (Li1(1)
48h site, Li(2) 24g site and the Li(3) 16e site.) Three Lil and Li2 sites combine to form a hexagon, with
four of these hexagons connected by interstitial Li(3) atoms. This forms a pathway cage surrounded by
S and Cl anions. Li* migration was then suggested to occur by two mechanisms; a 48h-48h tetrahedral

67, 81-83

jump and a less favourable 48h-24g-48h jump

Li;P3S11 was first reported by Seino et al. by heating Li,S-P,Ss glasses to 280°C, see figure 2.1.7>8%, This
formed a ceramic material with a triclinic cell (space group P-1) which comprised P,S; ditetrahedra and
PS4 tetrahedra, with lithium located around these sites surrounded by 3 - 5 S atoms’. Li;PsS1; was
reported with a o,c of 11 mS cm™. Computational work from Chang et al. reported that Li* transport
consists of equal contributions along the a, b and c axes, therefore suggesting a three-dimensional

migration network via mesh like channels®. However, the structure and transport mechanisms for
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LMPS, LigPSsX and Li;P3S1; are not well understood, as characterisation by neutron diffraction (ND) or

NMR which fully excludes moisture, and thus retain phase stability, is a difficult task.

Sulphide SSEs despite their high ionic mobility, reasonable activation energies (= 0.16 - 0.25 eV) and
soft nature suffer from several severe instabilities. The most concerning of these is the high
susceptibility of sulphide SSEs to hydrolysis which generates toxic H,S gas and can induce structural
changes. Therefore, sulphides require handling in inert atmosphere which limits any potential
commercial applications. Secondly, the soft nature of sulphide SSEs causes mechanical instabilities
with Li metal, potentially enabling dendrite growth at low current densities. Finally, sulphide SSEs have
poor reduction and oxidation resistance compared to oxides which restricts cathode choice. This often
arises from the reduction of the P>* cation (present in most sulphides) at =2.1 - 2.3 V (vs Li/Li*), but also
Ge* reduction in LGPS and Lis2sGeg25Po.75S4 (x1.6 — 1.7 V vs Li/Li*). This gives a narrow electrochemical
window and an SSE which reacts with both Li metal and commonly used cathode materials, such as

Li(Ni,Mn,Co)O0..
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2.3. PEROVSKITE ELECTROLYTES
A wide variety of perovskite structures have been reported with Li-ion conductivity. A-site deficient

perovskites (ASD) were the first, followed by lithium rich anti-perovskites (LIRAP) then lithium double

perovskites (LDP).

ASDs are based on an A*Ti**Os parent structure, whereby the A% cation is substituted for La to form
La?2’73Ti03. This leaves one third of the A site vacant, upon which small amounts of Li can be substituted.
lonic mobility ensues via the A sites. These were first reported with LipsLagsTiOs (LLTO), but
subsequently enhanced with Lags7.xLisxTiOs (x = 0.06 — 0.15) with a reported opyikas:c= 1.5 mS cm™ when
x = 0.12%%_ Although, reports with (Li, Sr) (B,B’)Os (B = Zr, Hf, Ti, Sn, Ga, B’ = Nb, Ta) and LisxyLaixAl:.
yTiyO3 have seen similarly high conductivity, ASDs have limited electrochemical windows and are
unstable with Li metal (due to Ti** reduction)®” %°. ASDs also undergo Li*/H* exchange in the presence
of moisture, which forms LiOH layers. LiOH subsequently reacts with CO, and forms insulating Li,COs
layers which passivate the grain surface. This gives increased resistance at the solid-solid interface and

inconsistent membrane densification. This compromises Oiotal, giving 10> S cm™® at 25 °C994,

LiRAPs, such as LisOCl, are inverted perovskites and were first synthesised by Zhao and Daemen?. The
anti-perovskite structure is obtained by replacing the electronegative X site anion (in a perovskite
structure adhering to A*B¥X73) with a strongly electropositive cation, such as Li*. Further substitution
with a monovalent A" and divalent B* anion and yields the anti-perovskite- structure, with a nominal
formula of A'B*X*3. Li30Cl (and LisOBr) had a perovskite cubic cell (Pm3m) with Li* at the octahedral
vertices, 0% at the octahedral centre and CI" at the dodecahedral centre®®. LiRAPs have o, 1 mS cm™?,
low activation energies (0.2 - 0.3 eV), negligible electronic conductivity, good cyclability and a wide
electrochemical window (0 - 5V vs Li/Li*)?®. However, these structural characteristics and material
properties have been difficult to experimentally determine and replicate, as LiRAPs tend to easily form
Li,OHCI in the presence of moisture®. This instability is so extreme that decomposition occurs even
when stored in a sealed container in a glovebox. Therefore, LiRAPs have yet to progress beyond a few
initial studies®. Recently, it has been reported that LisOCl has good kinetic stability below 400 — 450 K
under concentration gradients or with typical cell voltages, which is afforded by the sluggish 0* and

Cl transport®®.

LDP materials are very much an emerging field, with the pioneering work by Amores et al. published
in 2020. This work introduced a new class of materials corresponding to LiisLa1sMOg (M = W®*, Te®)
and were synthesised via a microwave assisted solid-state approach. These materials demonstrated

appreciable room temperature conductivity (0.01 mS cm™) but had a much larger electrochemical
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window (5 V vs Li/Li*) than prior ASD perovskite work, suggesting research into the perovskite

electrolyte field is far from exhausted®.
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2.4. LITHIUM GARNETS

SSE work has shifted increasingly toward lithium garnet materials in recent years, and it is this system
which forms the basis of this thesis. Lithium garnets (LisLasM>01,, M =Nb, Ta) were first analysed for
their ionic conduction properties by Thangadurai et al. in 2003, although were discovered many years
prior by Mazza?”?’. LisLasM,01, had a o2s:c. * 10 S cm™ which, for the time, was very high. However,
it was not until the seminal work by Murugan et al. in 2007, which showed that Li;LazZr,01, (LLZO) had
o2sec of 0.5 mS cm?, that lithium garnet materials became exceptionally popular®. Several recent
reports have shown some lithium garnets, such as Gag.islisssLasZr.012 (when handled appropriately),
have a 0,5:c * 1 mS cm™. This rivals that of some solvent based LIB electrolytes (1 M LiPFs in EC/DMC,
o25:c = 11 mS cm™)%8. Therefore, lithium garnets have high electrochemical stability (=~ 6 V vs Li/Li*) and
fast ionic mobility, which is rare amongst SSE candidates. Furthermore, lithium garnets are chemically

stable with lithium metal, non-toxic, air stable (from a safety perspective), non-flammable and have

low activation energies.

However, many lithium garnet challenges remain. Firstly, the solid state synthesis methods are time
consuming, energy demanding and difficult to scale up, while preparing high density membranes from
the sintered powders is very challenging. This, albeit a relatively general problem with solid ionic
conductors, needs addressing for industrial scalability. Secondly, most reported lithium garnets have
o20cc * 10*'S em™. The superior o« * 1 mS cm™ requires specific handling (such as full synthesis under
Ar/0,) and is, thus, not commercially scalable nor easy to replicate. Furthermore, the reported o = 1
mS cmis insufficient at the lower operating temperatures needed for portable electronics/vehicles,
whereupon a Gr<aoc® 10*'S cm™ (or less) is commonly observed for garnet materials®** %191, Thirdly,
lithium garnets undergo undesirable Li*/H* exchange in the presence of moisture, which makes
handling under ambient conditions problematic. Proton exchange in lithium garnets leads to
passivating LioCOs layers that decreases ionic conductivity and gives substantially high
electrode/electrolyte interfacial resistance (an already abundant problem at the solid-solid interface,
see section 2.5.3.). Finally, lithium garnets lack mechanical stability in the presence of Li metal, as
repeated cycling enables dendritic growth along grain boundaries, with some reports even suggesting
Li dendrites can penetrate through individual grains!®® 1%, Lithium dendrites can also propagate due
to the appearance of voids on repeated lithium plating, which degrades the electrode/electrolyte
interface and creates high local current densities (see section 2.5.4.). Therefore, much optimisation is

required for lithium garnets to be used in a commercial battery system.
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The subject of this thesis is the development of new doping strategies in lithium garnets toward
enhancing lithium-ion conductivity, decreasing interfacial resistance, decreasing synthesis time and to
aid in general improvements to the understanding of the garnet system. However, first an in depth
look into lithium garnet materials is presented. This will concentrate on the structure, ionic conduction
mechanisms and development. This is followed by a discussion on the key advantages and

disadvantages. Figure 2.2 shows a timeline of the main Li garnet milestones.

LisNdsW:012

Osooc = 10° S cm™?

LisLasNb2012

oc = -6 -1 .
gzoc 23-02 Sem LisBalLa:Ta:01
O0c=6Xx10°S cm*

LizLasZr2012

Oxoc = 10°S cm™*

141/acd

/
AliLiz3xLa3Zr.01 jos

o = 0.5x10*Scm™ 7
My, 2007/2011

GaxLizsxlasZr01n
02c =1.3 X102 S cm™

i s 143d

Figure 2.2. Timeline of lithium garnet milestones, which will be discussed in turn in the succeeding sections.
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2.4.1. Structure of Lithium Containing Garnet Type Materials
Garnet materials are, traditionally, orthosilicates with the formula AsB;X301; (e.g. A = Mg, Fe, B = Al,

Cr, Fe, and X = Si, Fe, Al, Ga). A, B and X are 8, 6 and 4 oxygen coordinated sites respectively, which
have crystallised in a body centred cubic structure with space group /a3d (No. 230) 3% %7 1% Thjs ideal
garnet structure has linked AOs, BOg and X0, polyhedra with a mixture of cations on filled square

antiprismatic, octahedral and tetrahedral sites in a 3:2:3 ratio, see figure 2.31%4 105,

Figure 2.3. Tetragonal LLZO (left) and Cubic LLNO (right), where yellow is Li, Green is La, blue is Zr and dark blue is Nb.
Adapted from1%9110,

X site substitution with lithium forms a lithium garnet. This yields an Lis system in the form of Li3A3B,01,
(A =La, B=W, Te), with lithium fully occupying the 24d tetrahedral site'®1%, Lithium content can be
increased further by replacement of the A or B sites with cations in a lower oxidation state, such as
Nb®*. This yields LisLazsNb,01, (LLNO), see figure 2.3. Thus far, lithium garnets have been synthesised
with up to Li; per formula unit (pfu), such as LisLasZr,012 (LLZO). These Li; systems (thought to be the
upper Li limit) crystallise in the tetragonal cell with space group /4:/acd (no. 142). Tetragonal garnets
have fully occupied lithium sites and poor ionic mobility, whereas the cubic /a3d symmetry has partially

occupied Li sites and good conductivity'%.

Determination of the lithium positions within the garnet structure is complex, due to the weak X-ray
scattering factor of lithium. However, good evidence has been gained from neutron powder diffraction
(ND), nuclear magnetic resonance (NMR) and Raman spectroscopy. In the cubic /a3d modification,
reports indicate lithium fully occupies the 24d tetrahedral site in Lis systems. Increasing lithium content
further, such as with LisLasNb,01, systems (or beyond), gives increased occupation of the distorted 96h

and 48g octahedral sites and decreased occupancy of the 24d tetrahedral site, see figure 2.4. Although
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some debate persists as to the level of occupation of these sites in higher lithium content cubic phases.

This is discussed in more depth in the next section®” %8 100, 105,108, 110-120

Figure 1. Tetrahedral 24d (left) and the distorted octahedral 48g and 96h Li sites (middle) in the cubic garnet system
adhering to la3d type symmetry. Furthest right is the complete Li site subunit, with two tetrahedral Li sites bridged by a face
sharing octahedron.

In Li; systems (with a tetragonal cell) the tetrahedral and octahedral Li sites are fully occupied in an
ordered manner to prevent short Li-Li distances. This elongates an axis and forms the tetragonal cell
with /141/acd symmetry. This has poor ionic mobility, as the conduction mechanism in lithium garnets
requires Li* vacancies and a disordered Li sub-lattice for an effective migration pathway. In /4:/acd
symmetry, Li* is thought to occupy the 8a tetrahedral site and the distorted 32g and 16f octahedral

Sitele9, 121—123'

The poorly conductive tetragonal phases, such as LLZO and Li;La3Sn,01,, undergo a reversible phase
transition to the cubic cell at high temperature (=700 °C), which is believed to arise from entropic
factors and increased unit cell parameters. Initial studies suggested the transition occurred between
100 - 200 °C in LLZO, but this was later found to be a result of hydration from direct insertion of water
into the structure or from Li*/H* exchange!?* 1%, The true phase transition for LLZO is suggested to be
620 — 650 °C'%%:127 with the smaller Li;La3Sn,01; cell transitioning between 750 — 800 °C*?%. Conversely,
Li;LasZr1.75Ceo.25012, With a larger cell volume than LLZO arising from Ce* substitution, had a reported
transition temperature of 325 °C!?’. This suggests a direct relation to cell volume — whereby the larger
volume gives a reduced transition temperature. Ideally, the transition temperature would be reduced
further to yield a true cubic Li; type garnet at room temperature. This has yet to be accomplished and
only limited reports in the literature are available which investigate the driving factors behind the

phase transition, as the tetragonal phase is undesirable due to low conductivity?® 121, 124129,

The tetragonal systems can form the cubic cell via Li exchange in the form of MyLiz.3xLazZr,012 (M = Al,
Ga)t” 124 130 These maintain the cubic symmetry when Li < = 6.6. When 6.6 <Li> 7, the phase

homogeneity of the powder is often reported via X-ray diffraction to be a mix of cubic and tetragonal
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cells, thus meaning the tetragonal component compromises owt. However, a recent report on
Lis.osLasZri.9sNboosO12 proposed orthorhombic symmetry with space group /bca. This pattern is very
similar to the tetragonal /141/acd garnet cell but has several additional, very low, intensity reflections

which required single crystal XRD to resolve3!.

Li needs to be < 7 pfu to prevent a transition to the tetragonal cell, but still maintain a high Li content
sufficient to enable a highly disordered Li sublattice and fast ionic movement. Hence, most garnet
reports concentrate on Li contents between 6 - 6.6 pfu. Dopant strategies, therefore, aim to increase
Li content in Lis based systems or to remove Li from Li; systems. Some examples include Lis.xLasB>-
«MO12 (B = Nb, Ta, Zr, Hf, M = Ce, Ta, Nb), Liz3xALa3B,01, (A = Al, Ga, B = Zr, Hf, Ti, Sn)®% 116,121,130, 132-
1343 selection is available in table 2.1. Compelling evidence has suggested that the Ga,Liz.3xLa3Zr,01,
system crystallises in a different cubic modification, the acentric /43d space group. This is thought to
potentially explain its superior properties. The specific structural aspects for GayLiz.sxLasZr,01, are

discussed in section 2.4.2.2.1%%,



39

2.4.1.1. lonic Conduction Pathway
A full consensus has not been reached regarding the exact Li* hopping pathway, as it is difficult to

accurately confirm ionic motion under an applied electric field, especially with such a small charge
carrier. Some evidence has been obtained via ND, computational studies, and NMR. It is generally
considered, in the cubic /a3d system, that Li* occupies the 24d tetrahedral site and the 48g and 96h
octahedral sites!® 110135137 "\yith the level of occupation in each site being dependent upon overall
cell Li* concentration. The 96h/48g octahedra and 24d tetrahedra are all interconnected, with each

tetrahedron being bridged by a single face sharing octahedron, see figure 2.5 and 2.6.

In a Lis type garnet (such as LisNd3Te,01,), Li* is thought to fully occupy the 24d interstices with the Li*
well-ordered on the A sites!® 12 |t was initially thought, as these systems also have minimal
conductivity, that the 24d site played little role in the conduction mechanism. This was substantiated
by reports from O’Callaghan et al. (with LisixNdsTe;.«SbxO12) and Cussen (LisLasM2012, M = Ta, Nb),
which both suggested Li movement occurred only via the edge sharing octahedra. The reports
suggested an energetic barrier too great to overcome for Li* migration from the tetrahedron into the
octahedron??® 135138 However, work also indicated that increased octahedral site occupation (when Li

> 3 pfu) was also accompanied by an increasing number of 24d site vacancies®® 13> 138 For example,

Figure 2.5. Suspected Li* conduction pathway in cubic la3d type lithium garnet systems, shown is LisLasNb,01, adapted
from?9, Only Li* atoms are shown, individual colours represent partial occupancies of each site. On the right is the Li sub-
unit. Green is the 24d site, blue is the 96h site and orange is the 48g site.
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with LisLasM>012 (M= Ta, Nb), Cussen reported that the 24d site was 80% occupied, whereas the
octahedral sites were 40% occupied!'® 118 As Li is increased beyond 5 pfu and conductivity improves,
octahedrally located Li* becomes increasingly clustered. This also gives decreased tetrahedral (24d)
site occupancy®®. The introduction of vacancies to the 24d site are, therefore, now thought to

contribute to the ionic hopping pathway*32.

It was the ab initio calculations from Xu et al. that were the first to indicate the tetrahedral sites could
assist in ionic movement, whereupon two possible pathways were calculated: one which bypasses the
24d sites and another which incorporates the 24d sites!*®. The two pathways were reported with
different energetic barriers, with the octahedral-tetrahedral-octahedral jump (0.26 eV) being lower
than the octahedral-octahedral jump (0.8 eV), suggesting the former is more favourable. Although
these are simulations at 0K and aimed at finding the minimum energy of the Li* path, the more
favourable (0.26 eV) path has gained experimental evidence. ND and NMR studies from Han et al. and
Wang et al. both suggested a migration pathway consisting of a 3D lithium hopping network along 24d-
96h-48g-96h-24d, thus using the tetrahedral site, see figure 2.613¢ %7, The work by Wang et al., with
®Li magic angle spinning and ’Li pulsed field gradient NMR, showed that the 24d site mobility dominates
the total ionic conductivity by acting as a bottleneck for diffusion. Wang et al. also calculated several
activation energies; however, the primary bottleneck (which corresponded to 0.26 eV) was related to
the jump between the tetrahedral and octahedral sites. This corresponds to the DFT simulations

reported prior by Xu et al. on the octahedral-tetrahedral-octahedral jump (0.26 eV).

Assuming a 24d-96h-48g-96h-24d mechanism, as each 24d site face shares with four octahedral Li sites
in the garnet structure, there is a displacement of the octahedral Li (due to the repulsive interaction
between Li*- Li*) away from the 96h to the 48g site. When Li is in the 24d position the neighbouring Li*
is either in another tetrahedron (separated by an octahedron, see figure 2.6) or Li* is in an adjacent
octahedron in the distorted 96h position away from the occupied tetrahedron face (hence distorted
away from the 48g position). Each octahedral site is adjacent to 24d sites. Therefore, any additional
24d-96h-24d chains require at least one vacant site. Such an arrangement of Li gives many unoccupied
sites, and slightly different migration pathways. Concisely summarising, the most commonly suggested
pathway involves Li-Li repulsion at the 24d site. This distorts the 48g site toward 96h which then leaps
forward into the tetrahedral site on the opposite face. This, therefore, corresponds to a 3D Li hopping

136, 137, 139, 140

pathway consisting of an interlocking chain of 24d-96h-48g-96h-24d units , see figure 2.5

and 2.6. This pathway, although having good evidence is not confirmed.
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This applies only to the cubic /a3d garnets, for the Li site substituted Ga-LLZO, which has been

suggested to adopt /43d type symmetry, see section 2.4.2.2..

°24d

0489

O © 24d

Figure 2.6. lllustration of the potential Li conduction pathway in cubic la3d type garnets. lllustrating the displacement of Li
arising from Li*-Li* repulsion as Li migrates through the pathway.
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2.4.2. Development and Doping
Kasper et al. first synthesised lithium containing garnets in 1968 with LizLnsM;01; (M= Te, W) (Ln=Y,

Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu)'%. However, the pioneering work by Thangadurai et al.,
in 2003, on LisLasM;01, (M = Nb, Ta) was the first to show lithium garnets had good Li* ion conduction
(=10° S cm™). These were synthesised by heating stoichiometric weights of La(NOs)s+6H,0, LIOH-H,0,
and M,0s (M = Nb, Ta) to 950 °C for 24 hours, with an additional 10% LiOH-H,0 excess (to account for
lithium evaporation at higher temperatures)?’. This formed LisLasM,01, with a peak 0,5:c of 4 x 10° S

cm™,

Thangadurai and Weppner subsequently increased the lithium content in LigALa;Ta;012 (A = Sr, Ba).
This improved room temperature conductivity to 4 x 10° S cm™. Similar results were also reported with
LisALaNb,01, (A = Sr, Ba, Ca)* %2, Lesser lithium but increased lattice parameters, with
Lis.sLaz.75Ko0.2sNb2012 and LissLasNbi.751np.25012, also marginally improved o beyond 4 x 10° S cm™. This
indicated the potential of the garnet system to host numerous dopants, but also found the optimum

sintering temperature for LisLasM;01, (950 °C). This is a temperature commonly found in this work*,

Later, Percival et al. reported Ln site doping from lanthanum to europium in LisLn3Sb,0;, formed
lithium garnet-type materials. This established an upper lanthanoid limit for synthesis, as progression
beyond europium, with gadolinium and holmium, formed a perovskite type phase rather than
garnet!3, Percival et al. also established that quenching of a sintered LisALa;Nb,01, (A = Ca, Sr) pellet
from 700 °C improved room temperature conductivity by an order of magnitude (compared to furnace
cooling)¥** 1> It was suggested that quenching effectively froze the high temperature structure,
increasing lithium occupancy at the octahedral site, and reduced proton exchange (see section

2.5.2.)1,

However, it was the seminal work by Murugan et al. on LisLasZr,012 (LLZO) which ignited the current
volume of research into the lithium garnet system. Murugan et al. showed a o1s:c of 0.4 mS cm™ was
possible. This is only an order of magnitude less than conventional solvent-based electrolytes.
Murugan et al. also showed the garnet system could accommodate seven lithium atoms pfu, which
has been substantiated by later research but discussed in more depth in section 2.4.2.1.28 109,121,122
This work showed a solid ionic conductor which had both high ionic mobility and a wide
electrochemical window in addition to Li metal stability, high safety, and relative ease of preparation

(although energy demanding)?® 109,125,129,

Significant reports of aliovalent doping of lithium garnets followed, with a variety of differing sintering

aids, lithium contents and improvements to conductivity. These were primarily investigated via
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conventional solid-state synthesis. Some examples include LisLasZr,xMxO12 (M = Bi**, Nb**, Ta®>*, Nb>*,
Sb*), Liz-3xMLa3B201, (M = Al, Ga, B = Zr, Hf) and GeyLiz.axLasZr,0,,%% 116 120, 126, 130, 132-134, 146-151
Conductivities of these systems, however, are often *10* S cm™ and, thus, still inferior to current LIB

electrolytes. A selection is summarised in table 2.1.

The solid-state route remains the most common method to form the garnet materials, however, is
energy demanding, time-consuming and has difficulties with mixing homogeneity. The high
temperature also enables lithium volatility and helps promote Al exchange from the crucible due to

formation of Al-Li eutectics (see next section)!®?

. Increasingly focus has shifted toward lower
temperature/better optimised synthesis routes. Wet chemical techniques, such as sol-gel type
methods, involve the mixing of molecular precursors via dissolution, therefore overcoming the
inhomogeneity of the solid-state route. This enables lower reaction temperatures. Wet chemical
methods also yield finer powders with a more uniform size distribution, which are more suitable to

form the dense structures required for good SSE performance!®>>, However, despite the lower

sintering temperatures, powder densification still requires high temperature treatments (> 1000°C).

Sol-gel type methods involve dissolving starting materials (generally an alkoxide, nitrate, or chloride)
into a solvent followed by addition of reagents (such as tetraethyl orthosilicate). This forms a gel via
polymerisation which is dried and then sintered. Garnet sol-gel methods often use nitrate precursors
(and a variety of gelling agents) and require drying at 350°C in a fume hood prior to sintering, as toxic

nitrous oxide gas needs to be removed.

Gao et al. was amongst the first to use sol-gel type methods for lithium garnets, and prepared
nanocrystalline cubic LisLasTa;012 with ethylene glycol as the gelling agent. LisLasTa;012 was then
formed (after the initial drying step) at 700 °C*®. This gave ionic conductivities similar to the inaugural
work by Thangadurai et al., but decreased the sintering temperature by 250°C. Shimonishi et al.
increased the lithium content further by synthesising LisLasZr,011.5 via similar methods, this required
sintering at 800°C and gave 0,s:c of 0.14 mS cm™ and was thus similar to cubic LLZO. Later, Janani et
al. employed a sol gel process involving citric acid as the organic complexing agent and butan-1-ol or
propan-2-ol as the surface-active agent. This gave single phase cubic LLZO (and Al-LLZO) at 700°C which
had o2s:c of 0.5 mS cm™, which matches the initial report of LLZO from Murugan et al. % >>%7_peng et
al. reported successful synthesis of cubic phase LisslLaz3Nag7Nb20;,, using an unmodified sol-gel

process with sintering at 750°C**®

while Li et al. reported sol gel synthesis of cubic LLZO via initially
forming tetragonal LLZO and sintering at 900°C for 6 hours. The powder was then subjected to high

energy ball milling to yield cubic LLZO®.
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Rosenkiewitz et al. attempted to overcome the toxic nitrous oxide gas by proposing a nitrogen-free
route to form AI-LLZO. This involved reacting lithium acetate, lanthanum acetate, zirconium propoxide
and aluminium chloride. However, a sintering temperature of 1000°C was required and o3sc was
inferior to cubic LLZO at = 10 S cm™, potentially due to trace lithium zirconate remaining®°. Several
other reports of similar garnet materials (which differ in temperatures and synthesis conditions)
substantiated the favourability of the sol-gel route for garnet production (compared to the solid state

)141, 153,161-164

route . It was, however, a sol-gel type method that Bernuy-Lopez et al., used to synthesise

Gap.slis.ssLasZr,012. This was the first reported lithium garnet with 624:c of 1.3 mS cm?, which rivals

conventional LIBs (see section 2.4.2.2.)%.
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2.4.2.1.  Aluminium Doping
In 2011, doubts arose regarding the true reason for formation of the higher symmetry cubic phase in

LLZO, in preference to the more stable tetragonal crystal system reported prior by Awaka et al.1®.
Investigations by Geiger et al. revealed alumina crucible contamination was responsible for forming

124 1t was

cubic LLZO, with identical samples synthesised in platinum crucibles being tetragona
theorised that the formation of the cubic phase was due to exchange of 3Li* with AI**. Shimonishi et
al. also reported aluminium content (0.23 mol) in cubic LLZO around this time, via inductively coupled
plasma spectroscopy, and theorised it was due to the alumina crucibles but it was not discussed

further®. Al substitution into LLZO is described by Kroger-Vink notation thus!?* 16>
Al,05 + 6Li%; — 2[Al}3] + 4V + 3Li,0 2.1

Cubic phase stabilisation of LLZO by Al substitution has subsequently been substantiated
experimentally via ND and Al NMR10% 115 116, 122124, 127 14 s therefore, likely that unintentional Al**
doping was a contributing factor in many, if not all, the reports of highly conductive LLZO prior to 2011,
especially as many were sintered in alumina crucibles and lacked elemental analysis® 12124 Hence,
cubic LLZO reports prior to the work by Geiger et al. correspond to AlsLi7.3xLasZr,01; (Al-LLZO) and the

term “cubic LLZO” is somewhat of a misnomer, as these systems should be tetragonal.

Structural reports have been somewhat conflicting regarding Al site occupation in the AI-LLZO
structure, but all indicate /a3d type symmetry. The works by Geiger et al. and Li et al. both suggested
Al doped onto the 24d and 48g sites, as determined from Al NMR 1% 1% However, Al was also
suggested by Buschmann et al. to be confined to the 24d site. This was supported by Hubaud et al. in
later work and substantiated further via several ND reports!!>137-147.167 pijyvel et al. even reported, via
“Li and ?’Al NMR, Al could incorporate onto both the La and Zr sites'’®. Later, Rettenwander et al.
indicated (via DFT analysis) that determination of Al site preference in Al-LLZO is a non-trivial task by
Z7Al NMR, as Al was suggested to have several, slightly different, 4-fold coordination on the 24d and
96h sites. This leads to broad 2’Al NMR resonances which are difficult to interpret, which could explain
the conflicting reports. Rettenwander et al. also suggested that the 48g site may also host Al, therefore
further confirming all Li sites had some level of Al occupation. It is, however, generally difficult to
ascertain atomic positions from ND and NMR. ND is not a local technique, rather giving an averaged
sample view, and NMR (although localised) interpretation is generally a non-trivial task, but especially
when broad resonances are present. Nonetheless, these data suggest that A** resides on the Li*

sublattice and, even if Al were fully controlled, could partially block Li* movement.
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Rangasamy et al. investigated the optimal aluminium content to stabilise the cubic AlyLiz-3xLasZr,012
modification, reporting an Al content of 0.24 mol pfu was required for a single cubic phase!®®. This
coincides with the aluminium ratio originally reported by Shimonishi et al.*>*. It was also suggested by
Dobretsov et al. that lithium excess can facilitate the alumina crucible reaction, further complicating

the standard synthesis with Al,Os crucibles®.

Although AI-LLZO is amongst the most studied and highest performing garnet materials, AP**/Li*
exchange is not, by definition, beneficial. The crucible-based reaction is uncontrolled, so Li content can
be degraded significantly as Al** increasingly substitutes onto the Li*site*® %172 Prior work suggested
an Al solubility limit of 0.389 mol pfu in LLZO (thus a Alp3sslis s33LazZr,012 system). Beyond this limit,
LaAlOs is formed at the grain boundaries, thus reducing performance. Hence, Al contamination can
lead to both low Li content and Li* insulating layers on the grain surface (the deterministic factor of
total system conductivity) which will degrade performance®. Xia et al. investigated Alo zsLis2sLasZr,01;
synthesis in different reaction vessels and discovered those synthesised in Pt crucibles were more
conductive and had higher relative density (96%), larger grains and increased air stability compared to
their alumina crucible counterparts, confirming numerous material properties are degraded by

171

uncontrolled Al,03 crucible synthesis*’*. Al contamination is not exclusive to LLZO and poses a problem

with all the Li; tetragonal systems and extends to other Li rich garnets (Lis.x phases).

Al-LLZO (and other Al doped garnets) also form Li,O-Al,0; melts > 1000°C. These Li,O-Al,03 melts tend
to exsolve Al to the grain surface. This aids in densification but decreases Al content in the bulk and
gives Li deficient grain boundaries!4® 152 162,167,173 'This makes controlled Al distribution difficult in
garnet samples sintered in alumina crucibles, which can be additionally worsened by the Al,O;
crucibles creating concentration gradients through a sample®®?. Therefore, garnet synthesis using
traditional alumina crucibles constitutes a major problem, but they remain the most popular choice in
solid state synthesis due to the low cost. Al contamination can, however, be mitigated by using
significant mother powder or by protective ZrO, pellets (or crucibles) on to which pellets are placed

before sintering/densification.
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2.4.2.2. Gallium Doping
Gallium, being directly underneath Aluminium on the periodic table, has similar crystal behaviour and

thus Ga3* facilitates Li* exchange in a similar way as AI** as per Galiz.3xLasZr,01, (Ga-LLZO). This was
first reported by Howard et al.'*” and remains amongst the highest ionic conductors within the garnet
materials class, with several independent reports of 62s:.c * 1 mS cm™9100.191 Gg js introduced to LLZO

according to:
Ga,0s + 6Li¥; — 2[Gaj}] + 4V, + 3Li,0 2.2

Bernuy-Lopez et al. was among the first to report a 024:c of 1.3 mS cm™ with Gag isLisssLasZr,O12: here
the powders were uniaxially pressed and then fully processed in a dry oxygen furnace to alleviate
proton exchange (see section 2.5.2.) and to assist in densification. This was the highest conductivity
reported at the time and near the theoretical calculated opui limit of 1.6 mS cm™ in LLZO type materials
%, 174 \Wu et al. later found a higher conductivity of ozs:c of 1.46 mS cm™ in the lesser Li content

Gag zsLisslasZr,0q; system1°°

. Wu et al. used isostatic pressing and densified pellets in air (with
significant mother powder) and obtained the same relative density as Bernuy-Lopez et al. (prel = 94%).
This is contradictory to Bernuy-Lopez et al., who reported that a pr.iof only 70% could be obtained via
air densification. Nonetheless, despite the identical 94% p.. the system with lesser Li content
(Gaop.2slisaslasZra012) outperformed the higher Li content (Gao.slisssLasZr012). Rettenwander et al.,
using the standard solid state route and isostatic pressing, obtained a pr.;=84% but still showed a 02s+c
of 1.32 mS cm™ with GapLisslasZr,01,1"°. Isostatic pressing and O; synthesis with a o2s:c in the 1 mS

cmrange has also been reported elsewherel’6178

, whereas reports of Ga-doped LLZO via hot pressing
at > 1000°C'3> 3% and uniaxial pressing!'’ are commonly reported in the =10* S cm™ range. This
suggests that isostatic pressing of powders and/or O, synthesis is the key to high performing Ga-LLZO

materials

Ga-LLZO outperforms similarly processed Al-LLZO, despite theoretically substituting for Li* by a similar
mechanism. This is a result of both symmetry and dopant size. Ga-LLZO was assumed initially to be
la3d, however the larger Ga** ion (compared to AI**) in GayLiz.3xLasZr,012 (x > 0.07) distorts the Ga-LLZO
lattice away from /a3d to the acentric /43d space group. This was first reported by Wagner et al. by
single crystal XRD and ND for Ga-LLZO. /43d symmetry had, however, been mentioned prior with H,Lie.
xCalazNb,01; and HylLizxLasZr,01,, but these were attributed to uneven H* and Li* distribution and thus

potentially irrelevant to high Li content garnet electrolytes'’s 180,
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The determination of the /43d space group is quite difficult in garnet materials expected to adopt la3d
type symmetry, especially using only X-ray diffraction. /43d presents with three additional, very low
intensity, reflections at 28 = 21.5°, 40.3° and 53.4° in the diffraction pattern. These correspond to the
(310), (530) and (710) reflections in the /43d space group which are forbidden in la3d type symmetry.
These low intensity peaks were observed by Wagner et al. in Ga-LLZO, but with relative intensities of
1.2, 0.4 and 0.3% compared to the strongest reflection at 28 = 30.81. These peaks are essentially lost
in XRD and overlap with LiGaO; impurities at 20 = 21.52°, therefore can be incorrectly assigned.
Employing ND and single crystal XRD enabled the structure to be resolved as /43d for Ga-LLZO. Later

FeyLiz.3xLasZr,01, was also determined to adhere to /43d symmetry ° 10,

Figure 2.7. Li sites and suspected migration pathway in Ga and Fe substituted lithium garnets adhering 143d type symmetry;
all viewable atoms are Li. 12a Li is green, the 12b site is orange, the 48e site is blue and Ga is red. Adapted from reference®.

Wagner et al. determined three Li* sites for Ga-LLZO and Fe,Liz.3xLasZr,01; in the 143d space group, see
figure 2.7. Two Li sites correspond to the /a3d tetrahedral 24d site but are split over the 12a and 12b
sites. These differ in bond lengths and polyhedral distortions compared to /a3d. The third is a partially
occupied 48e octahedral site® 191, |t was also suggested that Fe (and by extension Ga) substitutes
preferentially on to the 12a site, which initiates the reduction in symmetry from /a3d to /43d. The 12b
site, conversely, has only minor Fe**/Ga** presence. Rettenwander et al. subsequently confirmed, via
numerous compositions based upon Alg ;-«Gaxlis.4LaszZr,012 (0 < x < 0.2), that a critical concentration of
0.15 Ga pfu is required for the full transition to /143d"°. The symmetry transition was shown to
correspond to two distinct drops in activation energy between x =0 (0.31 eV), x = 0.05 (0.28 eV) and x

=0.15 (0.26 eV). The first relates to Ga-Li repulsion, which was suggested to smooth the Li* migration
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pathway compared to the Alg,lisslasZr,01, analogue. The second (at Ga = 0.15) corresponds to the
change from la3d to 143d (as determined by DFT). A corresponding increase in conductivity was also
observed, from 0.3 mS cm™ at Ga = 0 to =1 mS cm™* when Ga = 0.20%”°. Increased ionic mobility was
additionally analysed by NMR relaxometry, which indicated these garnets have a different diffusion
mechanism and faster Li* dynamics, supporting the conclusion of different symmetry!’”>. These data
explain why Ga-LLZO type garnets perform best when Li content is between 6.4-6.6 Li pfu (which is
also further discussed generally in section 2.4.1.) and why it offers class leading performance compared

to other garnet materials.
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Table 2.1. Selection of lithium garnets synthesised by the solid-state route (SS), the sol-gel route (SG) and co-precipitation

(CP). All Li; garnets have 141/acd symmetry; garnets with < 7 Li pfu are reported la3d except Ga-LLZO which has 143d.

System Synthesis Sintering Temp Opui (S cm1) / Giotal (S cM™1) / Temp Lattice Activation From
method (°C) / Time (hrs) Temp (°C) (°c) parameter (A) energy E, Ref
(eV)
LisLasNb2012 SS 950/24 ~10% /25 12.762 (3) 0.43 &
LisLasTa2012 SS 950/24 1.20x10°%/25 3.40x10°/25 12.766 (3) 0.56 7
LieSrLazTa2012 SS 950/24 8.84x10°/22 7.00x10°/22 12.808(2) 0.50 &5
LisBaLa;Ta2012 SS 950/24 5.38x10%/22 4.00x10°/22 12.946(3) 0.40 141
LisCaLa2Nb2012 SS 950/24 1.60x10%/22 - 12.697(2) 0.55 L2
LieSrLazNb2012 SS 950/24 420x10%/22 - 12.811(1) 0.50 142
LisBaLazNb2012 SS 950/24 6.00x10°/22 - 12.868(1) 0.44 2a2
Lis.5LazNb1.75In0.25012 SS 950/24 1.80x10%/50 - 12.821(2) 0.51 143
Lis.sLa2.75Ko.25Nb2012 SS 950/24 6.00x10°/50 - 12.7937(8) 0.49 &B
LizLasZr2012 SS 1230/36 5.11x10%/25 7.74x10%/25 12.9682 0.32 28
Lis.2sBa1.2sLa1.75Ta2012 SS 900/12 5.00x10°/33  7.40x10°/33 12.993(4) 0.40 285
LisBala,Taz2011.5 SS 900/24 1.81x10%/50 1.51x10*/50 12.9755 (4) 0.42 182
LizLaSr2Ta2012 SS 850/12 - 9.41x10%/ 150 a. 13.0988(7), 122
c.12.480 (1)
LizPrSr2Ta2012 SS 850/12 - 1.88x 10/ 150 a. 13.0289(6), 122
€. 12.439 (1)
LizNdSr2Ta2012 SS 850/12 - 1.18x 10/ 150 a. 13.0244(3), 222
c. 12.4228(4)
LizSmSr2Ta2012 SS 850/12 - 5.29x 105/ 150 a. 12.9965(6), 122
€. 12.425 (1)
LizGdSr2Ta2012 SS 850/12 - 1.18 x 10/ 150 a. 12.9206 (1), 222
c.12.454 (1)
Alo.24Lis.24La3Zr2011.98 SS 1000/4 - 4.00x10*/25 - 0.26 154
LizLasZr2012 + 0.25 mol Al203 SS 900/24 - 1.81X10%/25 12.945 0.37 2
in alumina crucible
LizLasZr2012 + 0.25 mol Al203 SS 900/24 - 4.48x10%/ 25 12.967 0.32 71
in Pt Crucible
Lie.7sLasZr1.75Ta0.25012 CP, SS 1000/4 - 8.70x 10*/ 25 12.96 0.22 =3
Alo.zLis.1sLasZr1.75Tao.25012 CP, SS 1000/4 - 3.70x10*/ 25 12.95 0.30 134
Gao.zlis.1sLasZrizsTao.2s012 CP, SS 1000/4 - 3.70x 10*/ 25 12.95 0.27 &
Lis.sLasZr1.7sM00.25012 SS 1250/4 3.40x10%/25 - 12.964 0.36 120
Lis.sLasNb1.25Y0.75012 SS 1100/6 2.70x10*/ 25 12.9488(11) 0.36 B
Lis.aLasZri.4Tao.s012 SS 950/12 (x2) 5.00x 10°/33 - 0.44 151
LisLasZr2011.5 SG 1180/36 5.69x10%/25 1.39x10%*/25 - - £
LizLasZr2012 SG 700/12 157
Alo.2sLis.16La3Zr2012 SG 900/12 3.00x107/33 LS
Lis.aLa2.3Nao.7Nb2012 SG 750/6 1.60x 10/ 25 12.776 0.41 158
LizLasZr2012 SG 900/6/12 - - 13.07793 - )
LisLa3Bi2012 SG 650/5 2.40x10°/26 13.06 (6) 0.40 164
1.2 wt.% Al doped Li7LasZr.0:2  SG 1200/6 - 2.00x 104/ 25 - - 162
LisBala,Ta2012 SG 800/6 - 2.00x10%/25 12.995(2) 0.40 161
Gao.islics5LasZr2012 SG 800/6 in 02 1.30x 103/ 24 - 0.30 o2
Gao.2sLis.2sLasZr2012 SS 900/6, 1100/24 1.46x103/25 12.9733(6) 0.28 100
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2.4.2.3. Defect Chemistry of Lithium Garnets
Aliovalent doping of lithium garnets is the most popular choice to form the room temperature stable

cubic phase® 167. 171,18 Thjs is often assumed to relate to formation of charge compensating lithium
defects, see previous sections?® 124130, 184187 'Eqr example, substitution on the Lisite by Al leads to Li

vacancies, to maintain charge neutrality, and can be considered as:
ee] _ /
[AL;;] = 2V, 2.3

Such Li charge compensation defects have enabled a simplistic view of lithium garnet doping. However,
this approach oversimplifies defect formation in general, but especially in complex systems such as

lithium garnets®,

Numerous studies have suggested formation of oxygen vacancies, which could play a significant role
in the lithium garnet defect chemistry4® 1819 As oxygen vacancies can act as electronic donors, their
presence has been suggested to affect lithium stoichiometries through a charge compensating

Schottky pair mechanism, which is thought to arise from Li,O volatilisation at >600 °C as per:
- X X RN / (X
2Li% + 0F =2V, + V5 2.4

Nyman et al. was the first to experimentally suggest oxygen vacancies could form during a modified
synthesis of LisLasM,012 (M = Nb, Ta), but lacked suitable oxygen sensitive techniques to confirm',
Oxygen vacancies were first observed by Kubicek et al., using isotope exchange 3D depth profiling with
180, which enabled characterisation of oxygen vacancies and interstitials. Kubicek et al. found that (in
Lig.25Alo.25La3Zr2013, LissLasZrisNbosO12 and LisslasZrisTags012) oxygen vacancy levels can be as high as
2.5%, thus impacting lithium ion conductivities via reduced Li stoichiometries'®. Therefore, certain
sintering strategies, such as higher temperatures or lower oxygen partial pressures, could enhance
oxygen vacancies. Later, Kuganathan et al. confirmed, via a computational study, that oxygen

vacancies did arise from Li,O volatilisation, thus confirming the prior suggestion from Nyman et al.***

194

Oxygen vacancies alone indicate the difficulties in assessing lithium garnet defects by a simple Li charge
compensation approach. However, additional native defects are often discussed in minimal detail.

181 which is not

Cationic lattice defects, such as Nb, Zr and La vacancies, are assumed to be negligible
the case and these are dependent upon synthesis condition!®>. Secondly, oxygen and all common
garnet dopants (such as La, Zr, Nb and Ta) are assumed in a singular charged state (such as La®* or

Zr*)1%0. 155 As multiple garnet valence states would enable electronic conduction they are, often,
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assumed absent, however this is not necessarily so (especially under reducing conditions). Zhu et al.,
via XPS (using an ultra-high vacuum transfer stage and 500 °C annealing step) reported that
Lis.2sAlo.25LasZr,012 and LissLasZrisMosO1 (M = Nb, Ta) had strong Zr?* signals while LissLasZr1.sNbosO12
had multiple Nb oxidation states which propagated through the bulk, thus reducing cycling stability.
Furthermore, Squires et al. computationally suggested that oxygen vacancies under highly reducing
conditions can exhibit 0, +1 and +2 charge states, and can act as colour centres trapping electrons!®>

188 Therefore, the assumption of a single charged state is an oversimplification.

Squires et al. also suggested, via a DFT study, that garnets have numerous lithium and oxygen defects
(as previously reported), in addition to a significant number of cation antisite defects. Squires et al.
reported Li vacancies are not the dominant compensating acceptor defects under all synthesis
conditions, finding those conducted under Li-rich/Zr poor conditions are primarily compensated by Liz
antisites (which extends to other antisites, such as Li,, Laz and Zr,;, dependent upon conditions).
Therefore, lithium stoichiometries were found to deviate significantly from a simplistic Li charge

compensating mechanism, however the defect chemistry of lithium garnets is still not well understood.

This, therefore, leads to complex issues during sintering of garnet materials, especially when
optimising lithium content and thus, conductivity. As many techniques lack Li sensitivity it is often a
non-trivial task to accurately ascertain the Li content within a material. Such complex defect chemistry
undoubtedly affects lithium garnets and causes unexpected sintering behaviour (outside of reduced Li
stoichiometry), but to what extend remains unclear. Complex defect chemistry prediction requires
computational chemistry; however, this remains expensive for regular use and is based upon a zero
entropy reference state (perfect ordered lattice) over a relatively small number of atoms, while it
remains unknown how to address the Li disorder within the model'®. Hence, an understanding of
defects in real world systems lacks clarity. Therefore, despite great interest in untangling such complex
defect chemistry, the simple Li charge compensated defects arising from extrinsic doping remains the

most commonly used model.
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2.4.2.4. Lithium Garnet Impurities
Lithium garnets commonly follow extrinsic doping techniques based upon the similar crystal chemistry

amongst groups, for example both Li;LasM;01; (M = Zr, Hf) and LisLasM;01; (M = Nb, Ta) are easily
formed. However, despite the similar chemistry, Hf and Ta based garnets differ in conductivity

27, 28, 116, 133, 146, 156, 190, 193, 196-203 Such differences are

compared to their Zr and Nb counterparts
problematic, as the simplicity of substitution amongst similar elements likely enables bulk integration

of extrinsic dopants from precursor impurities.

Oxide/nitrate/hydroxide precursors, currently, cannot be fully purified. Therefore, even elements with
high purity, such as semi-conductor grade Si (299.99999%), still retain some small impurities?.
Therefore, all garnet precursors will have some impurities. However, most are available cheaply at
battery grade (299.95%) purity, such as Al,0s3, Ga;03; and La;0s. This minimises potential impurity
concerns and explains the current lack of unintentional extrinsic dopant defect studies within garnet
materials, as in a controlled synthesis (for example with no unintentional Al) there will be negligible
impact at this stage of lithium garnet development. However, one exception is the Zr and Hf salts,
which remain difficult to purify from each other (for example, ZrO, is commonly available at >99%

purity, metals basis excluding Hf, with Hf0, £2%)2%527,

Mann et al. systematically investigated the effect of Hf impurities with Lig 4sAlo.0sLasZri s-xHfxTao.4012 by
using high purity ZrO, (< 100 ppm Hf), in addition to the ZrO, mentioned above. It was reported that
ionic conductivity decreased when x = > 0.1, due to the decreased unit cell parameters arising from
the smaller ionic radii of Hf (0.71 A) compared to Zr (0.72 A)*®. However, the reported conductivity
differences were small, such as 0.6 mS cm™ (x = 0.048) compared to 0.578 mS cm™ (x = 0.4). Mann et
al. progressively added Hf into LigasAloosLasZri s—xHfxTap.4012 yet observed no linear lattice parameter
relationship. This disregards Vegard’s Law which should yield some form of approximate linear
relationship. This indicates unexpected stoichiometries or other unknown factors, especially as
linearity was observed by Ladenstein et al. with Liz—xLasHf>«TaxO12 (0 < x < 2). Therefore, the role of Hf
impurities remains unclear?®, Nonetheless, Hf based garnets are inferior in terms of conductivity, as

reported elsewhere!!® 199202 gnd thus Hf impurities require minimisation if possible.

Similarly, Ta and Nb impurities affect garnet performance. Here Ta is commonly reported to be

| 208 / 209

superior, with both Tong et a and Xiang et a reporting improved performance with
Lis.sLasZri4Taos012 compared to the Nb analogue. Both Nb and Ta precursors are easier to purify than
Zr/Hf salts, with Nb,Os and Ta,0s often >99.9% pure for synthesis, but the specific effects of impurities

are yet to be studied. However, the sub valence states of Nb and Ta garnets (considered rare under
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most circumstances) in the presence of highly reducing Li metal has been reported. Here, XPS was used
which, although giving no indication of bulk impurity formation, indicates the complexities arising from
hard to detect impurity phases. Zhu et al. reported that Ta, Nb and Al dopants in LLZO cause Zr*
reduction to Zr** . It was reported that Zr reduction led to an oxygen deficient interphase at the Li
metal interface, with the quantity increasing on the order of Ta < Nb < Al. However, the Nb doped LLZO
additionally formed lower valent Nb species (Nb'*, Nb?*, Nb* and Nb*) which were suggested to
propagate into the bulk based upon increasing ASR (which was not seen with the Ta and Al dopants).
This, possibly, explains why Ta based garnets perform better (especially in contact with Li) and
highlights the potentially large detrimental effect of Nb impurities within Ta doped LLZO garnets.

However, the work by Zhu et al. lacks starting material purities, therefore it is difficult to assess the

role of precursor impurities in this work%% 210,

Overall, the extent of lithium garnet impurities requires further investigation, but studies suggest some
performance differences. These impurities are present in very low quantities, hence are often below
the limits of many elemental analysis techniques, such as EDX and XRF, instead requiring more
sensitive analysis techniques such as inductively coupled plasma mass spectrometry. These are also
further compounded by synthesis, whereupon numerous unwanted impurities (based upon starting
materials) can form. For example, reaction intermediaries, such as LigZr,07 and Li»ZrOs (in LLZO), will
form if synthesis time is too short. These are poor Li conductors that segregate to the grain boundaries
and block Li transport. Conversely, pyrochlore impurities can form if the reaction time is too great,

which have no Li conductivity and greatly impact sinterability, see section 2.5.1.

Further information regarding Al impurities is available in section 2.4.2.1., whereas issues relating to
proton exchange are in section 2.5.2. Concerns relating to tetragonal Li garnet impurities were

discussed in section 2.4.1, whereas microstructural defects can be found in section 2.5.1.
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2.5. LITHIUM GARNET DISADVANTAGES

The benefits of lithium garnet materials have been discussed above, this includes their wide
electrochemical window, high ionic mobility, easy synthesis, non-toxic nature, Li metal stability and
high safety. However, numerous issues remain; the high temperature/time consuming synthesis, and
ionic conductivity which, although good, is not achievable without specialised equipment and, even if
achieved, is insufficient at lower operating temperatures, such as 0 °C. Lithium garnets are also prone
to atmospheric H*/Li* exchange (which forms insulating Li,COs across the grain surface and much
increased interfacial resistance) and lithium dendrite formation; these are covered in section 2.5.2.

and 2.5.4., respectively.

2.5.1. General Garnet Issues
Lithium garnet materials are ceramics and suffer from the general issues relating to solid state

synthesis and ionic conductors; high temperature/energy demanding powder synthesis which requires
subsequent densification into pellets/membranes to examine the material properties (with denser
membranes leading to higher performing materials due to intimate contact at the grain boundary).
Lithium garnets, despite much work to reduce initial sintering temperatures, still require high
temperature heat treatments (700 - 1050°C) for long periods of time (12 - 36h) to synthesise. This is
then followed by densification, which is generally achieved with further high temperature treatments
above the initial sintering temperature for equally long time periods (1050 - 1200 °C), which do not
guarantee high density samples will be formed. Furthermore, lithium volatility during the high
temperature densification treatment becomes increasingly problematic, consuming the excess added
during synthesis (via Li evaporation from the vessel) and enabling formation of a pyrochlore type phase
(for example LazZr,07 in LLZO). This has no lithium conductivity and disrupts densification of the
remaining material (as the pyrochlore content is increased as Li is consumed further)®® 211212 Thjs js

also true of the LaAlOs impurity in Al doped garnets, see section 2.4.2.1.

Microstructural defects, such as porosities, grain boundaries and flaws, are naturally present during
ceramic densification, as the material is processed below the melting point and relies upon grain
growth into neighbouring grains to densify. Therefore, densification by high temperature treatments
is inherently slow (due to limitations of atomic diffusion in the solid-state) and cannot always be
maintained for very long time periods due to phase instabilities (and cost), as is the case with lithium
garnets. Microstructural defects can considerably reduce conductivity in lithium garnets (as gaps and

voids throughout the SSE are intrinsically insulating) and degrade cell performance (see section 2.5.3
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and 2.5.4.). Therefore, much work has been done to mitigate these issues and minimise

microstructural defects.

Some garnet reports have used sintering aids, which melt at lower temperatures (such as LisBOs, LiF
and LiCl), to increase relative density. These can degrade performance if the grain boundaries are
plated with lesser ionic conductors than the garnet material and/or react to form impurity phases®
170, 213 Therefore, the sintering aid approach is a balancing act between higher densification but
potentially lesser performance. Cold sintering is another approach and has seen some promising
results; however, the best work often uses polymeric compounds (to bind grains together at low
temperatures) which are much poorer ionic conductors than pristine garnet materials, which can also
induce additional grain boundary impurities?* 21>, The polymeric suspension of garnet grains also
essentially eliminates the Li,CO3/LIOH removal methods, which contribute enormously to
electrode/electrolyte resistance (see next section). The softer nature of the polymers can also help to
reduce the intrinsic solid-solid resistance, however, does so at the cost of easier lithium dendrite
penetration?’®. Cold sintering requires specialised equipment, which is not readily compatible for
glovebox use, therefore restricting processing under inert gas. Hence to date, cold sintering has not

seen the performance of the solid-state route, with relative densities x85% being achieved'42Y,

All the above processes usually result in the powders forming circular pellets with a diameter in the
centimetre range. Ceramic pellets are inherently brittle, and fracture easily which thus limits minimum
thickness to =1 mm. However, garnet pellet formation also tends toward rapid H*/Li* exchange (from
atmospheric moisture) which forms passivating and insulating Li,COs layers within minutes. The
exchange is so rapid that surface bound LiOH and Li,CO3 can from residual moisture and carbon dioxide
in a glovebox (< 0.5 ppm H,0, < 5 ppm CO,) within 5 minutes (see section 2.5.2.)?!8, The exchange
needs to be excluded for high density; therefore, powders require atmosphere-controlled processing

and/or significant sacrificial powder.

These pellet sized samples are not applicable for use in full scale batteries. Thin films (=50 um) are
required to reduce electrolyte mass and volume in commercial cells, and to enable layered battery
architectures which give high energy density. This is a developing field but early indications have shown
difficulty with fabrication of garnet membranes (usually LLZO based). At the um level, evidence
suggests the 3D network for ionic migration is compromised, reducing ozsec to 107 - 10° S cm 1 %,
Some recent reports, with commercially expensive techniques, have seen conductivities of = 0.1 mS

cm}, but this remains below the original report of LLZO by Murugan et al. at 0.5 mS cm™. This area is,

nonetheless, very exciting but is unrelated to this work directly. No thin films were made in this work;
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hence the specific complexities of this area will not be discussed further although required mentioning
due to its importance. This work is aimed at exploiting the comprehensive elemental options available
to lithium garnets to optimise various properties, but it is hoped this work will provide some benefit

to the thin film regime.

However, air stability (proton exchange), interfacial resistance and the mechanical instabilities of

lithium metal anodes require discussion.
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2.5.2. Air Stability - Proton Exchange

Lithium garnet materials are unstable with respect to moisture. This is a particular problem when
handling in standard atmospheric conditions which, inevitably, have some humidity. Hydrogarnets,
such as CasAly(OH)12, Sr3Aly(OH)1,, Sr3Gay(OH)1, and SrsFea(OH)12, have been known for sometime??®,
however lithium garnets were initially considered stable toward moisture. It has since been
determined this is not the case and is in fact quite the opposite. Lithium garnets undergo proton
exchange rapidly in the presence of moisture with H* exchanging with Li*. Lithium is released in the
form of LiOH which combines with atmospheric CO, to form passivating Li,COs3 layers across the grain
surface within minutes, as determined by controlled tests using ultrahigh vacuum transfer to an X-ray
photoelectron spectrometer?!®, This reaction reduces overall Li concentration in the system, occurs on
the grain surface and passivates the grains with ionically insulating Li,COs impurities (but is harmless
from a safety perspective). This degrades total system conductivity, especially as it is the grain

boundary characteristics which are key to total system conductivity.

A complete consensus has not been reached on the reaction mechanisms between lithium garnets,

CO; and H,0, but was initially thought to correspond to equation 2.5:

Li56La24ZT16096 + HzO(g) - Li54La24ZT16095 + 2LiOH AG = _053 eV 25l
Li56L324Zr16096 + COZ(g) i Li54Laz4Zr16095 + L12C03 AG == _199 eV 25”

This suggests a direct reaction with CO, was energetically preferential and it was reported proton
exchange in lithium garnets could occur even in dry conditions*®128220.:221 | ater, Sharifi et al. proposed
positive AG values for equation 2.5/ and 2.5ij, thus indicating an unfavorable protantion route. This
also corresponded to the observation of much-reduced Li,COs formation in dry air??. Instead, a two-
step reaction was put forward involving formation of LiOH followed by carbonation from CO,. This

corresponded succinctly with experimental results and gave negative AG values, as per equation 2.6:

Li56La24ZT'16096 + H20(g) - LissHLa24ZT16096 + LI,OH AG == _0.34 eV 2.6l
. 1 1,. 1 ‘.
LiOH + ECOZ(g) - 5L12603 + EHZO(g) AG = —-0.35¢eV 2.601

Li,COs layers vary in thickness, as proton exchange continues beyond initial surface bound exchange

due to Li* diffusion from the grain interior??. This thickens the exchanged layer as per equation 2.7:

LiOH + H,0(,) - LiOH - H,0(, 2.7

2LiOH - Hy0 + COyy) = LiyCO5 + 3H,0() 2.7ii
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Irrespective of the definitive protonation route, it is a prevalent issue amongst garnet research, with
Li.COs3 passivating layers readily forming on the pellet surface and propagating along grain boundaries,

which continually removes Li*.

Nyman et al. first reported Li*/H* exchange with LisLazsM,01> (M = Nb, Ta) when deliberately dispersed
in water. This gave a pH rise to 10-11 in aqueous medium, but was undertaken deliberately as part of
a synthesis strategy to vacate the octahedral sites, therefore did not elucidate the instability of lithium
garnets toward moisture???. Galven et al. subsequently assessed Li;LasSn,01, and found spontaneous
proton exchange indeed occurs under ambient conditions (as per Liz—xHxLa3Sn,012)??3. Follow up ND
and NMR (°Li, Li, and 1%9Sn) studies on both the tetragonal tin system and LisLasNb,01, confirmed this
exchange can be generalised to all garnets. The exchange was found to enable a phase transition from
141/acd to la3d and from la3d to 1213 in Li;LasSn,01; and LisLasNb,01; respectively. It was subsequently
suggested that proton exchange occurs readily at any garnet stoichiometry when Li > 3 pfu®*. Galven
et al. also suggested the apparent increase in unit cell dimensions arose from the replacement of Li-O
bonds with weaker O-H---H bonds. These form a hydrogen bonding network throughout the crystal

framework, thereby expanding the unit cell.

Larraz et al. proposed low temperature hydration or ambient ageing of Liz-xHxLasZr,01, leads to the
143d space group*”®, which was confirmed later by Orera et al., when Li;—xHxLasZr,01, (0 < x < 5) was
analysed by ND. The symmetry changes were found to be dependent upon proton content and the
exchange temperature. Orera et al. reported that tetragonal LLZO, aged ambiently for three years,
mostly transitioned to the cubic phase, although a clear tetragonal component remained. This
complicated an in-depth structural analysis, but nonetheless confirmed proton exchange. Thermal
treatment at 150°C led to a single cubic phase, with inductively coupled plasma analysis confirming the
formula Li;2HsgLasZr,012. ND data suggested this conformed to the /43d space group, with H* located
in the 48e octahedral sites with Li*in the 12a and 12b sites. Orera et al. then annealed LLZO > 300 °C;

this gave a H* = 1.5 pfu but adhered to /a3d symmetry, with H* located in the octahedral 96h site??°.

Larraz et al. investigated this tetragonal-cubic phase transition in LLZO, as other reports had also
detailed a transition occurring 100 - 200 °C, rather than the originally reported 650 °C** 1% |t was
determined the lower temperature transition was due to water molecules, either residing within the

garnet framework or due to proton exchange.

Jin et al. later confirmed proton exchange readily occurs between humid air and LLZO and does not

require significant ageing. This was shown to degrade pellet integrity, ionic conductivity and cell

223, 226

performance compared to those pellets protected from moisture . Ma et al., using a similarly
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substituted Li;—«HxLasZr,01,, measured H* content as high as 63.6% but registered no phase change
away from la3d to /43d type symmetry, as reported prior by Orera et al. Here, proton exchange
preferentially occupied the 96h site?”’. Once Li from this site was depleted, H*/Li* exchange then
proceeded via the 48g site, the 24d site remained wholly occupied by Li*. This complicates the
suggestion of the transition to /43d type symmetry, as this is ascribed to splitting of the 24d tetrahedral
site into the 12a and 12b sites, yet no H* was reported on the tetrahedral sites to cause the splitting.
Later, Yow et al. analysed LigslLasZri ¢Tap 4012 immersed in either water or 1M LiOH solution for 7 days,
finding Li contents of 3 and 5 pfu respectively, and found the /a3d space group was retained. This was
conducted on both pellets and powder and a total exchange of 53.4% and 8.8% was recorded
respectively (via FTIR, pH and TGA), illuminating the uncontrolled nature of proton exchange within Li

garnets??®,

Larraz et al. further suggested proton exchange occurred preferentially on the octahedral site, as did
Li et al. with LigsLasZrisTaos012 (489)%%, Galven et al. with Lis-xHxCala;Nb,01, (48€)'®° and Truong et
al. with LisLasNb,01; (96h)?%°. Therefore, reports agree that H*/Li* exchange is confined to the more
mobile octahedral sites, albeit with discrepancies with respect to the Wyckoff positions. However, only
those reports using ND have suggested formation of the /43d space group, with this being additionally
confined to high levels of proton exchange. Determination of /4 3d symmetry is not readily

accomplished by other means as discussed in section 2.4.2.2..

Protonated layers have been reported to be 10 - 100 nm thick in lithium garnet materials and up to 1
um after 6 months??°. The low o200:c of 10% S cm™ of Li,COs, and its tendency to passivate the grain
surface, gives much decreased total system conductivity, especially as exchange primarily occurs from
the more mobile Li* octahedral sites'?® 231, Protons also sit on the Li sites, therefore also hinder the
movement of the remaining Li*. For example, Al-LLZO reduced from 1.81 x 10*S cm™ to 2.39 x 10° S
cm® after 3 months of air exposure!’, The proton exchange mechanism can also induce formation of
impurity phases, often La,Zr,0; (in LLZO), and this has also been proposed to enable spontaneous
fractures to appear within the electrolyte pellet due to internal stress?3 233, These protonated layers
subsequently cause high interfacial resistance, which is a substantial issue and is discussed in the

succeeding section.

This presents complex handling requirements for garnet materials, as ambient conditions invariably
lead to unavoidable proton exchange unless powders are fully processed under a controlled
atmosphere. Reports from Zhu et al. have shown that proton exchange on pristine garnets reforms

surface impurities in as little as 5 minutes when placed in an Ar glovebox with only residual moisture
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present. These pellets were analysed by a special ultra-high vacuum transfer system from a glovebox
environment which enabled annealing at 500°C before direct analysis by X-ray photoelectron
spectroscopy (XPS). Firstly, garnet pellets were polished and transferred to the XPS. This confirmed
most of the proton exchange layer had been removed, leaving only LiOH likely from residual moisture
in the glovebox. The residual layer was completely removed by transferring via the UHV system and
annealing at 500°C. Pellets, when placed back into the glove box after the XPS, then started to reform
surface contaminants within 5 minutes, with a full return to a similar LiOH content observed post

polishing within 3 hours'®°,

Hence, the highest performing reported lithium garnets are processed under tightly controlled
atmosphere conditions, such as the report by Bernuy-Lopez with Gag 1sLis.ssLasZr.01, with the high o2sc
of 1.3 mS cm™ %, Recent work has also established class leading results for thin films between 50 — 250

UM giving a o2s:c of 0.39 mS cm™ (with AloosLisssLasZrisTao4012) in tightly controlled conditions?®*.
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2.5.3. Interfacial Resistance

SSEs, in general, are hard crystalline or glassy materials which are required to operate in a device with
two similarly hard electrode materials, hence there is poor wetting between these surfaces when
compared to solvent based electrolytes and therefore a high interfacial resistance. This resistance is
so high that it is arguably the primary barrier towards commercialisation of an all-solid state cell, in
addition to further refinement of the electrolyte system. The fundamental issues regarding the large
interfacial resistance with lithium garnets stems from two fundamental interfacial problems. Firstly,
that of Li,CO; formation on the garnet surface and secondly the inability of current technology to
create atomically flat surfaces that perfectly align at the solid-solid interface with no gaps or voids. The
latter of these is out of reach for current device fabrication strategies but general improvements in
interfacial charge transfer and increased charge carrier mobility can mitigate this problem. However,
the formation of Li,CO3 has seen considerable work to overcome. The cathode/garnet interface does
not form the basis of this work, hence only the lithium metal/garnet interface is specifically considered

below.

Arguably the most simple way to remove surface bound Li»CO5; and LiOH is to reverse the proton
exchange, which is readily accomplished by annealing the sample at high temperature, usually >
750°C%>, This, however, still presents a problem as the material invariably will require handling again
in ambient conditions, as if it were possible to form the materials and exclude ambient moisture this
would have been done in the first instance. Unfortunately, common laboratory gloveboxes struggle to
deal with even small muffle furnaces without additional heat extraction. If the sample were reheated
in a tube furnace to reverse the exchange, this would invariably contact with humidity without
additional precautionary steps, such as forming of Li deficient layers and burying in significant excess

mother powder. Therefore, ideally, heat treatments need to be conducted wholly within a glovebox.

As proton exchange is surface bound, mechanical polishing (either dry or wet) removes Li>CO3; and
LiOH and is additionally desirable as it creates flat surfaces, which decreases the number of gaps and
voids. Dry polishing involves sanding of the garnet pellet with increasingly higher grit abrasive papers
(for example from 240 to 4000 grit). Wet polishing firstly involves sanding to a high grit, followed by
additional polishing with a cloth and aprotic polishing agents, this can yield a flatter surface. Polishing
to a mirror finish, after transferring pellets to an Ar glovebox, can substantially reduce area specific
resistance (ASR) between the garnet and Li metal from 10000 Q cm? to =100 Q cm? 152 220,236,237 Thjs
was first reported by Cheng et al., whereupon interfacial resistance was decreased to 109 Q cm? in

polished samples compared to 960 Q cm? for unpolished, suggesting that the high resistance is not an
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intrinsic property of lithium garnet electrolytes??. Later, it was also systematically shown that higher
guantities of Li,COs lead directly to larger interfacial resistance, as measured by Li metal wetting

221 Here, unpolished

contact angles, confirming that lithium garnets are not intrinsically lithophobic
LLZO pellets had Li metal contact angles of 142 - 146°, which is similar to Li,COs at 142°. However, once
LLZO samples were wet polished and heated to 500°C to reverse proton exchange the contact angle
reduced to 95°; this gave interfacial resistance of 2 Q cm?. DFT calculations actually suggested the
contact angle could be as low as 62°, but this is difficult to confirm as eliminating proton exchange is a
non-trivial task?®. Slightly later, Wu et al. calcined Ga-LLZO at 900°C for 24h in air to reverse proton
exchange and create Li-deficient La-Zr compounds, which protected the garnet interior from proton
exchange. This, after sanding in a glovebox, yielded a Li,COs free surface, as confirmed by XPS and
Raman spectroscopy, which gave an improved 56° Li metal contact angle but, curiously, much higher
resistance than Sharifi et al. at 49 Q cm? (vs 2 Q cm?) but this required the application of pressure and
Wu et al. used only a melting process to form the lithium symmetry cell?®°. These reports of the

lithophilic nature of garnets were also further substantiated by the same group with Lis4Alo2LaszZr,012

(650) and Lie.sLazZri4Taps012 (59.50)239.

Li,COs3 and LiOH can be removed via surface reactions, for example with acids. These are not only easy
but could be argued to a be a requirement in garnet processing, as Li,CO3; and LiOH propagate
throughout the sample, plating the exposed grain boundaries which are inevitably present at any pres
< 100% and scale accordingly as electrolyte porosity increases. However, use in conjunction with
mechanical polishing is desirable, as this creates flat surfaces for increased solid-solid contact and

ensures any residual proton exchange that occurred since treatment is removed.

Huo et al. reported acidic treatment of LigsLasZr15Taos012 pellets with HCl or HsPOs reduced interfacial
resistance to 26 and 7 Q cm? respectively?®. The use of HsPO, was more successful due to creation of
the lithophilic LisPO,4, which reacted favourably to form an SEI type layer of LisP. Such acid treatment
of garnets also extends generally to other strong/weak acids such as H,S04%*!. However, acid treatment
decreases conductivity due to corrosion and increased porosity, thus compromising the pellet density.
Non-acidic routes, such as washing pellets with zinc nitrate solutions, have been proposed. Here,
Zhong et al. washed LigslasZri4Taos012 pellets to form an intermediary layer of Zn, ZnLiyx alloys, LisN
and Li,O with Li metal to reduce interfacial resistance?*?. This gave high cycling rates (>4 mA cm™) and
excellent coulombic efficiency (>99.5%). However, proton exchange was not discussed in any depth,
despite garnets being processed and polished in air and using a Zn(NOs);-4H,0 solution. Furthermore,

no impedance spectroscopy was undertaken to assess the interfacial resistance. Recently, trace
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amounts of molten Na (0.05%) have been used to remove Li,CO3 and thus enhance Li metal wetting,
giving interfacial resistance as low as 1 Q cm?and cycling current densities of 1 mA cm™, however any

additional effect of residual Na on charge carrier mobility was not discussed?*.

Artificial interlayers have proven promising to decrease interfacial resistance, while enabling high
current densities and lithium dendrite prevention. These strategies present a flexible approach, as they
can be accomplished by deliberate introduction of extrinsic defects or via subsequent addition of
interlayers (such as sputtering or atomic layer deposition). These often focus upon addition of
elements which can alloy during the lithium stripping and plating process, such as Au?**, Ag?*, Ge%,
SiZ%, AI?® Zn?* and Sn?*°, with some highly interesting reports on the use of candle soot?*! building

46,251,252 3| of which have shown interfacial resistance

on the work of lithiated graphite at the interface
in the tens of ohms. Passivating thin interlayers have been added to the garnet interface which improve
Li metal wettability, such as Al,03*!, Sn0%% 253, M0S,%*, CusN?>® and SiN4%>® these enable low resistance
but remain thin enough so as not to degrade charge carrier mobility. As of yet, no ideal solution to the

problem of interfacial resistance has been proposed?® 44257,

However, the issue of incomplete solid-solid contact remains, even with the increased plastic
deformation of Li metal. This arises from the intrinsic issues of solid-solid interfaces but is made
considerably worse during cell operation, whereupon the chemo-mechanical phenomena which
dictate electrochemical behaviour remain limited compared to solid-liquid interfaces. In such
circumstances, Li stripping, especially at high current densities and areal capacities, drives loss of
contact creating voids which constricts the current. This is now suggested to be the primary cause of

cell failure?°®260

and the morphological changes at the Li metal interface are amongst the greatest
challenges in achieving fast rate capable SSBs?®!. It is thought that voids form when the flux of Li*
migration away from the metal/garnet interface exceeds the metallic Li transport. Hence the lost Li* is

|260, 262-267

unable to be replenished via creep and diffusion from the Li meta , as per equation 2.8.

]Li dif fusion + ]Li creep < ]Li+migration 2.8

As this process is repeated, and/or with increased current density, void formation increases. This
enables large cell polarisation and high local current densities which enable dendrite nucleation and
growth, thereby restricting charging capability (see next section)*. As these migration issues can occur
at relatively low current densities, they are currently suggested to be of more concern than the

generally discussed garnet critical current density (CCD).
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Application of high external stack pressures (on the order of >100 MPa) can prevent void formation
and enable negligible interfacial resistance, as the pressure driven creep of lithium metal replenishes
the voids at the interface?®® 261, |t has been suggested a “critical stack pressure” is required and that
this scales with increasing current density?®. For example, a critical stack pressure of 2MPa with
Li/LLZO was required to achieve 0.4 mA cm™. However, current LIBs are assembled with stack pressures
between 0.1 - 1 MPa and cycling current densities which range =1 - 3 mA cm?, therefore making the
high stack pressure approach unfavourable from a commercial perspective?®® 268270 \oid formation
represents an emerging field, as the combination of the limited air stability of Li metal while attempting
to measure the contributions of stress, reactivity, contact and the dynamics of Li/Li* transport is

challenging!®® 2",
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2.5.4. Lithium Dendrites
The chemical stability of lithium garnet materials with lithium metal is amongst one of its most

promising aspects. However, although garnets are rigid ceramics and have a Li ion transfer number
close to unity (which could effectively suppress dendrite growth), lithium metal stability presents
numerous mechanical challenges, as Li deposits unevenly during cell cycling. This enables nucleation
of lithium dendrites which grow readily along grain boundaries at a certain critical current density
(CCD). Reports also indicate dendrites can pierce singular grains. Dendrites eventually grow and
connect electrodes, causing a short circuit which presents numerous safety concerns. These dendrite
nucleation and growth mechanisms are not well understood as, although these phenomena can be
investigated by numerous techniques, characterisation of the electrolyte/electrode interface in-
operando is exceptionally challenging. Therefore, it remains unclear what properties a lithium garnet

requires to supress dendritic growth.

The Monroe-Newman model (used for polymer electrolytes) has previously predicted any electrolyte
with a room temperature shear modulus > 8.5 GPA should resist Li dendrite growth. This was initially
applied to SSEs and lithium garnets far exceed this predicted value, with a shear modulus of 58 - 60
GPa?’2?7% The reality is more complex. Garnet materials are not easily formed by the single crystal
route and synthesis is usually in powder form, of varying morphologies, which is pressed into a pellet.
These invariably have grain boundaries, pores and cracks which compromise the structural integrity of
the membrane. Additionally, grain boundaries in lithium garnets are also reported softer than the
bulk?”>. It is along these imperfections which lithium dendrites propagate and can do so at very low
current densities?’# 276 277 Therefore, for this reason the Monroe-Newman model is generally not

considered valid for garnets and SSEs in general03 273,275,278

High density pellets help to reduce dendrite growth; but no powder method results in perfect density
(ores = 100%). In practice a prs between 80-95% is observed. However, grains also invariably have
defects, such as surface cracks, into which lithium metal can penetrate above a certain CCD. This

produces crack tip stresses which drive membrane cracking and dendrite propagation during Li

187,221, 265, 281

plating?®. High density/low porosity?’®27% 28 |ow Li metal/garnet resistance and high ionic

)44, 187, 236, 282

mobility (intrinsically linked with temperature are all features suggested to suppress

dendrite growth. Evidence also suggests dendrite growth relates to fewer boundaries/larger

283, 284 187, 277, 284-287 288, 289

grains/grain orientation , grain electrical properties and microstructure

Conversely, the increased resistance of grain boundaries, lower shear modulus (up to 50% less than

the bulk), higher electronic conductivity 2> and compositional differences (compared to the bulk)®”

275,277,290, 291 haye all been reported to drive dendrite growth in lithium garnet materials.
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These reports indicate that precise control of grain boundary characteristics will aid in dendrite
suppression, however most of the above studies have some form of conflicting reports. Therefore, it
is difficult to ascertain the importance of a singular factor. For example, dendrite suppression has both
been suggested to occur, and be reduced by, the presence of Al at the grain boundary. Al was
suggested by Pesci et al. to enable increased electron mobility and a short circuit at 0.1 mA cm™in Al-
LLZO, whereas Sudo et al. suggested 0.5 mA cm?was possible for the same composition prepared
similarly®®”- 292 (perhaps a result of uncontrollable Al distribution at the grain boundary, see section
2.4.2.1.). The suggestion of high shear modulus has been regarded of both high and low importance?’*
283,285 3nd it has been reported that lithium dendrites can penetrate highly polished single crystals (due
to surface defects), suggesting garnets cannot intrinsically resist dendrite propagation'® 1%, However,
other reports also suggest single crystal LLZO type garnets are too dense for dendrite formation?®. It
has also been similarly reported that both large and small grain sizes suppress dendrite growth, with
the true reasons for dendrite growth suggested to relate to grain boundary defects, which clearly scale
with smaller grains?®> 294, It has also been suggested dendrites nucleate at the interface and propagate

through the electrolyte?®> 2% but also that dendrites are nucleated from within the grain boundaries

or arise due to void formation on plating (which creates large interfacial resistance)03 244 297,

It could be argued that lithium dendrite nucleation and growth follows no single mechanism and is
rather just opportunistic based on the presence of certain interfacial, electrolyte and electrode
contributions. This would account for the conflicting reports which rarely have similar synthesis and
processing conditions so key aspects, like density or interfacial resistance, are inconsistent variables
which makes direct comparisons difficult. Comparative analysis is further complicated once the
numerous mechanisms to overcome interfacial resistance (section 2.5.3.) are accounted for. Recently,
studies have begun to concentrate upon understanding the electrochemical and morphological
concerns of lithium metal, rather than the garnet material, as any dendrite suppression techniques will

be far easier to implement to the malleable Li metal rather than the brittle garnet material.

Firstly, Ling et al. assessed thermal evaporation of Li metal, with aims to assess natural deposition
morphology. It was found by DFT studies that dendrite growth is an intrinsic property of Li metal. It
was suggested that when Mg and Li were thermally evaporated, the latter would naturally form
clusters rather than a planar geometry, potentially due to the lower Li* diffusion barrier along the 1D
direction. It was subsequently proposed that Li tends to undergo island like growth during early
nucleation, instead of the thin film growth seen with Mg?®® 2%_ Although both were computational

studies, the suggestion that Li intrinsically deposits with an extruding morphology is not ideal.
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Later, Wang et al. established via the Nernst-Einstein relation, that the self-diffusion limit of Li metal
is 5.6 x 1011 cm? s, The diffusion coefficient in model type cubic-LLZO was calculated as 2.15 x10° cm?
s and thus the self-diffusion of metallic Li is considerably slower than for LLZO. Therefore, at
sufficiently large current densities, Li* flux toward the interface (during plating) greatly exceeds the
flux of Li°away from the interface, so the interface cannot maintain a high enough volume of vacant
sites. The lack of vacant sites forces non-planar Li plating, resulting in Li “pile-up” and formation of Li
“hot spots”. This creates local curvatures on the Li metal surface, which gives increased local electron

density, that can act as nucleation sites for Li dendrites?%.

Around the same time Kasemchainan et al. (with LisPSsCl) discussed lithium dendrite formation in SSBs
in terms of the heterogeneity of the lithium metal interface during cycling which, as described in the
previous section, lends itself to void formation during plating. It was proposed that when the stripping
of Li at the interface outpaces the speed at which it can be replenished from the Li metal, voids are
increasingly formed. It is within these voids that local current density is increased beyond the CCD
during cycling. This leads to non-uniform Li* current distribution and facilitates dendrite formation on

260

plating*®®. Work with lithium garnets supports a similar mechanism may occur, with continual lithium

plating giving enhanced current density at the void edge, enabling dendrite nucleation.

The application of high stack pressures, such that Jereep > Jaiftusion, €nable Li to be replenished more
readily at the surface (and helps maintain intimate contact between the electrolyte/electrode) thereby
preventing dendrite growth?6% 261, 268271 However, it has also been reported that stack pressures of 2
MPa are not sufficient to maintain a conformal Li/Garnet interface and even pressures as high as 7
MPa do not ensure long cycle life without microstructure growth (which is near the limit of the garnet

material)3,

Although the high stack pressures can potentially address the above issues, Han et al. recently
proposed the origin of dendrite growth in LLZO type garnets arises from the electronic conductivity of
the garnet electrolyte?’. It was reported that Li dendrites nucleated and grew inside LLZO during cell
cycling (determined by neutron depth profiling) and it was proposed that for Li plating current densities
of 1and 10 mA cm the electrolyte required electronic conductivity of 10*°and 102 S cm™ respectively
for dendrite suppression. However, the room temperature electronic conductivity of
Lis.sLasZr14Taos012 is reported as 5.5 x10® S cm™?, with Al-LLZO being reported as high as 1.1 x 10® S
cm during Li plating under applied voltage3°!. These are orders of magnitude away from the calculated
values and the higher electronic conductivity in Al-LLZO may also explain other conflicting reports,

which indicate short circuits are independent of density and surface reduction of Al-Li glassy phases?**.
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This, potentially, explains how LIPON electrolytes, with much poorer o, (+10® S cm™) but significantly
lower electronic conductivity (<102-10> S cm™), can cycle at higher current densities (> 10 mA cm™)

than lithium garnet materials before dendritic growth.

Aguesse et al. suggested electron mobility in Ga-LLZO arises from O%electrons, although it was noted
to potentially be a result of the non-zero electron conductivity generally seen in lithium garnets'’®,
Tian et al. also proposed a computational model based upon trapping of excess electrons. It was
suggested that the interface band gap of LLZO was much less than the bulk, effectively allowing the
surface to trap excess electrons?®> 2%7:302 These could reduce Li* and thus serve to nucleate dendrites.
Han et al. stated that cycling of cells at higher temperature does not assist in dendrite suppression,
rather it is just a result of improved kinetics, as results indicated a lower driving force is required for
dendrite growth at higher temperature and is thus in line with thermally increased electronic

conductivity in LLZO*’. The electronic conductivity of LLZO based materials (and other lithium garnets)

therefore could enable internal nucleation and growth of lithium dendrites.

Overall, the mechanisms of lithium dendrite formation in solid state cells are unclear, as interface
characterisation during cycling and subsequent understanding of the chemo-mechanical phenomena
which drive dendrite formation in-operando is extremely complex. Dendrite growth can be considered
to relate to poor interfacial contact (be that initially or after repeated cycling) which results in large
interfacial resistance and polarisation. Dendrites also relate to grain boundary characteristics, pellet
density and surface impurities (such as Li;COs) and higher than desirable electronic conductivity, the
latter perhaps being a key problem. The intrinsic limitations of lithium metal are now, however, being
assessed more readily. This has led to an emerging consensus that future Li metal anode work needs
to focus upon the transport within the metal and the morphological changes it undergoes, as opposed

to only the SSE.
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2.6. SUMMARY AND PROJECT OBJECTIVES
Lithium garnet materials hold fantastic prospects for next generation energy storage, owing to their

high ionic mobility, wide electrochemical window, high safety, air stability (from a safety perspective)
and non-toxic nature. There is fantastic excitement surrounding these materials and this has led to
some phenomenal advancements in recent years. However, several key fundamental aspects need to
be addressed. Firstly, further development of lithium garnet materials is required as maximal
conductivities at room temperature (1 mS cm™) remain inferior when compared to conventional LIBs,
and are insufficient in colder climates. Secondly, removal of Li,CO3/LiOH in a cost-effective way that
does not damage or waste the garnet material is paramount to reducing interfacial resistance, with
this ideally being intrinsic to the garnet material rather than requiring additional
processing/interlayers. Thirdly, an accurate understanding of lithium dendrite growth and
enhancement of the CCD toward > 3 mA cm™. Hence, there is a pressing need to develop a garnet
material which is cost effective and scalable without the need for complete inert conditions. Of late,
research within the garnet area has concentrated very succinctly upon LLZO type materials, these are
commonly Ga-LLZO or Ta-LLZO, with comparatively little attention paid to exploiting new dopant

strategies. Therefore, the objectives of this project are:

e To investigate new, alternate, doping strategies to lithium garnet synthesis to optimise and
improve material properties, such as conductivity, reduced interfacial resistance and dendrite
growth suppression

e To reduce synthesis/densification times and/or temperatures considerably, and to employ the
first objective to find scalable materials which operate > 5g

e Further investigation of the garnet crystal structure, aiming to enhance knowledge specifically
around the tetragonal-cubic phase transition

e Toenable higher entropy lithium garnet systems which test the very nature of what the garnet

crystal framework can accommodate

Initially, this thesis will build upon work by Dong et al., whereby it was found that introduction of Ce
into LLZO readily enables reduced interfacial resistance between the garnet and Li metal (388 Q
cm?)'?’, However, this system maintained the tetragonal structure therefore conductivity remained
low. This work will look to increase Li content in the cubic LisLasNb,01; system via extrinsic Pr doping

in the form of Lis«xLasNb,xPryO1.

Secondly, it was computationally predicted by Jalem et al. and Gupta et al. that Hf based garnets have

increased electrochemical stability over LLZO, while also experimentally indicating increased stability
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with respect to carbon-related decomposition during battery charging®® 303, Therefore, for the first
time, Gayliz-sxLasHf,01; will be synthesised to compare its electrochemical properties with the, well
established, Ga-LLZO system. This will be additionally aimed at generally reducing the synthesis

demands of lithium garnets by a water-based approach.

Thirdly, considerable work has also been directed toward understanding the formation of Al-Li
eutectics which enable high density, but Li deficient grain boundaries. However, such dopant
exsolution has yet to be exploited to enable a reactive interface with Li metal, which could be tailored
to form alloys which reduce interfacial resistance. This will be done via deliberate destabilisation of a
Li site dopant by substitution of La for Nd, thereby reducing lattice parameters and increasing lattice

strain.

Fourthly, it is aimed to better understand the tetragonal-cubic phase transition. To this end, nine
tetragonal lithium garnets of differing compositions will be synthesised to assess if increased lattice

parameters directly relate to lower temperature cubic transitions.

Fifthly, the compositional flexibility of the lithium garnet system will be tested to see if deliberate
increases in entropy via multiple dopant/multiple site substitution enables better performing garnets,
or if such increased entropy will simplify garnet heat treatments. This will be done by first assessing all
previous results to pick a selection of elements which have shown beneficial properties, in combination

with literature reports.

Finally, a co-doped Ce/Ti system, in the form of LigsLasZr; NbosCeo.25Tio 25012 (LTC) will be developed to
assess if Ce can retain its reduced interfacial resistance mentioned above, but also increase
conductivity when employed in a cubic garnet system. LTC will not use any Li site substituted dopants

to enable greater stability and reduced dopant exsolution.

The works detailed in the subsequent chapters are all published, with the exception of the LTC work

which is being prepared for submission and is hence included in appendix 2.
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3. Experimental Techniques

3.1. SOLID STATE SYNTHESIS
This work makes use of high temperature solid state synthesis methods. This is the most common

synthesis method for ceramic materials3. Solid state synthesis is restricted by atomic diffusion

limitations, therefore high temperatures and long reaction times are required.

In a typical synthesis, the required elements (usually in oxide form) are stoichiometrically weighed and
thoroughly mixed via hand grinding or ball milling. These powders are then dried (if a wetting agent
was used) and, sometimes, pressed into a pellet. Pellets enable close contact of the particles, which
helps to overcome the atomic diffusion limitations and is especially helpful if ball milling is unavailable.
The powder/pellet is then heated to a temperature either based on work elsewhere or, if unavailable,
to a temperature two thirds the melting point of the lower melting reactant (Tamman’s Rule). Most
materials in this work were heated ~5°C min for 12 - 24h. These materials were then assessed for

phase purity via X-ray diffraction (XRD) and reheated as required to obtain phase pure samples.

Lithium garnets present some additional problems. Firstly, Li is volatile at high temperature and is
easily lost through evaporation from the reaction vessel. Hence, Li was always used in excess (20 - 40%
mol excess) in this work. Secondly, the relative complexity of the garnet system makes the ball milling
route somewhat essential. Hence, a typical Li garnet synthesis will involve weighing of the chemicals
with additional excess Li, and ball milling with zirconium oxide balls for 1 - 6h at 350 - 500 rpm using
hexane. These materials are then heated to 950 — 1050°C (based upon the available literature
elsewhere), but these temperatures deviate in this work based upon each research theme. The
powders are then removed, hand ground and characterised by XRD. Additional Li may then be added
with further ball milling and reheating. Heating rates in this work varied from 2 - 100°C min, and

sintering times range from 5 minutes to 12 hrs.

As discussed in section 2.4.2., wet chemical techniques are an attractive alternative to the standard
solid-state route, whereby precursors are dissolved to form a gel and then sintered. This work made
use of a modified sol-gel route using the bio-polymer agar, but this was rapidly changed to only dissolve

the precursors in water. This applies only to the work on Hf garnets (see chapter 6).
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3.2. POST SINTERING METHODS
After sintering, the Li garnet powders required densification to characterise the material properties.

This was done by compressing the powder into a pellet with Specac pellet dies and uniaxially pressing
the powders to =1 - 3 tonnes. The pellets were then heated under dry N, or O, or in a dry room. This
reduces proton exchange and affords effective grain growth into neighbouring grains to increase
density. This is often done 100 - 150°C above the synthesis temperature. Densification was undertaken

in this work initially under N, or O, but progressed to a dry room once facilities became available.

As per section 2.5.2., lithium garnets have considerable issues with proton exchange, which negatively
impacts a variety of properties but, primarily, gives high interfacial resistance. In this work, the
polishing method was employed under Ar atmosphere to form lithium symmetry cells. This is covered

in the cell assembly section (4.6).

Any specific alterations to these methods will be stated in the corresponding research chapters.
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4. Characterisation Techniques

4.1. CRYSTALLOGRAPHY

The origin of crystallography can be traced to the desire to study natural minerals based on their
appearance, such as fluorite and quartz, which have regular shapes and clearly exhibit symmetry.
Modern crystallography, however, considers the idea that materials are built from exceptionally small
individual units. These, three-dimensional, solid crystalline materials are composed of atoms, ions or
molecules that exhibit long range order and are arranged in a periodic pattern in three-dimensions,
with numerous specific symmetry constraints. The periodicity and symmetry therefore define a
crystalline solid. Not all solids (macroscopically speaking) exhibit such order, for example amorphous
materials have short range order which results in the appearance of a solid material*. The important
distinction is the emphasis on both the repetition of the atom, ion or molecule and their adherence to

certain symmetry constraints, which amorphous materials (such as glass) lack.

Crystalline materials have an effective infinite repetition of structural motifs/components of defined
symmetry which cumulatively create the solid material. This is the unit cell, which is defined as the
smallest repeating unit from which the overall crystal symmetry can be determined and from which
the entire lattice can be built™ #. Unit cells are characterised in terms of their dimensions (cell
parameters), angles and symmetry. Unit cell dimensions are defined by three sides (a, b and c) and
three angles (a, 6 and y; where a is the angle between sides b and ¢, 8 the angle between a andc, y
the angle between a and b), see figure 4.1. There are seven possible unit cell shapes (or crystal classes)
which are defined by the lattice points, angles and cell parameter relationship, see table 4.1. Six of
these crystal systems can be derived from distortion of a cubic structure, for example a tetragonal unit
cell involves elongation of a single axis. Hexagonal cells, however, are effectively built from individual

trigonal sub-units but have a single sixfold axis symmetry (compared to a threefold axis for trigonal)®

5-8

The seven crystal systems are further described via four different unit cell types depending upon lattice
point arrangements, see table 4.2. These unit cell types are combined with the seven crystal systems

to create a set of fourteen Bravais lattices, see table 4.1 and 4.2.
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Table 4.1. The seven different crystal systems and respective symmetry constraints.

Crystal System

Defining symmetry

Allowed Lattices

Cubic

Tetragonal
Orthorhombic
Hexagonal

Trigonal / Rhombohedral
Monoclinic

Triclinic

—

v \a

a=b=c,a=6=y=90°
a=bzc,a=8=y=90°
azb#c, a=6=y=90°
a=b#c,a=68=90°y=120°
a=b=c,a=6=y=%90°
azbzc,a=y=90°6+%90

azb#c azB8#y=90°

P I F

P 1

P, F, I,A(BorC)
p

p

P, C

p

B

7

Figure 4.1. Example of a cubic celll showing cell dimensions.

Atomic positions in a lattice are described using a fractional co-ordinate system. Axis position ranges

from O (the origin) to 1, with 0 conventionally (but not always) taken from the far bottom corner. The

fractional coordinates (x, y, z) are combined with the lattice sides (a, b, c) to form xa, yb and zc. For

example, fractional coordinates of 0.25, 0.75, 0.5 correspond to an atom a quarter way along the a

axis, three quarters along the b axis and halfway along the c axis.



Table 4.2. Unit cell types and lattice point requirement.

Type of Cell

Lattice Point Requirement

Primitive (P)
Body Centred (/)

Face centred (F)

Base centred (A, B of C)

One lattice point at each corner

One lattice point in the centre and at each corner
One lattice point at each corner, one in centre of
each face

Lattice points are centred on opposite faces of the
cell and the corners of the unit cell. (e.g. the A face

is defined by the b and c axes and so on)
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The unit cell can be further broken down into the asymmetric unit cell -- the smallest collection of

lattice points to which a symmetry operation can be applied. This cumulatively forms the unit cell.

These asymmetric unit cells generate a collection of symmetry operations which, in combination with

the fourteen Bravais lattices, gives 230 different space groups. These define the overall symmetry of a

unit cell (see next section) and are examined by diffraction techniques, such as X-ray diffraction

(section 4.2.3.)%%8,
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4.1.1. Symmetry and Space Groups
Unit cell symmetry in crystalline materials falls into two groups: point and translational symmetryY %>

78 Point symmetries are those which all pass-through a given point; therefore, the cell does not
change with the application of the symmetry operation. These include proper rotation axis, mirror
planes, centre of symmetry and rotary inversion axes. Proper rotation involves rotation about an axis
by 360°/n. Mirror planes involve reflection of an object. Centre of symmetry is present when any part
of the structure can be reflected through this centre (or point) of symmetry and an identical
arrangement found on the other side. Rotary inversion axes are a combined symmetry operation which
involves rotation and inversion through the centre. Overall, this forms 32-point symmetry operations
and can be referred to by the Schonflies notation. This notation, however, applies to finite molecules
which demonstrate order but not necessarily the long-range infinite order experienced within
crystalline solids. Here, translational symmetry operations need describing to account for the screw

axis and glide plane. This requires the Hermann—Mauguin nomenclature, which is used in this work.

Table 4.3. Defining symmetry of a unit cell and associated Hermann—Mauguin symbols.

Symmetry Element Hermann-Mauguin symbols
Point Symmetry Mirror Plane m

Rotation Axis n=2,3,4,6

Inversion Axis n=1,2,etc

Alternating Axis -

Centre of Symmetry 1
Space Symmetry Glide Plane a b,cdn
Screw Axis 21,31, 32,44, 42, 43,61 - 65

The screw axis, n, (see table 4.3) combines rotation and translation. This is best described as an atom/s
lying helically about a point/s. Here, the atoms or ions on a screw axis lie helically about these axes.
Screw axes are symbolised by np, this indicates translation by the fraction of Y/X of the unit cell edge
together with the simultaneous rotation by 360/n° about the axis. For example, a 4; screw axis parallel
to a involves translation by 1/4 and rotation by 90°. The glide plane considers translation in
combination with reflection. Here, translation is parallel to the unit cell axis (a, b, c), to a face diagonal
(n) or body diagonal (d) with reflection across the plane. The g, b, c and n glide planes have a translation
step one half the unit cell in those directions. The d glide plane has a translation step one quarter of
the body diagonal. Both the screw axis and glide plane cause systematic absences within diffraction

patterns. This is also true of face and body centred cells (see section 4.2.3.).
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The point and translational symmetry groups, when combined with the fourteen Bravais lattices,
encompass 230 different space groups. These become increasingly complex to visualise, especially
when multiple symmetry elements coexist, and are therefore best visualised by software. This work
makes use of Vesta® to aid in visualising the three garnet type space groups in this work; la3d, 143d

and /4;/acd, see table 4.4.

Table 4.4. Lithium garnet space groups encountered in this work and associated extended space group
fully describing the cell symmetry.

Space group Extended space Garnet System

group
la3d 14,/a 3 2d Most cubic garnet systems
143d - Ga-LLZO, Fe-LLZO

144/acd I14,/a2/c2/d  Tetragonal garnets
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4.2. POWDER X-RAY DIFFRACTION
Powder X-ray Diffraction (PXRD) enables examination of unit cell characteristics, such as dimensions

and symmetry. However, phase purity, particle size, and lattice strain (to name but a few), can also be

determined. PXRD is used throughout this work (abbreviated only to XRD).

4.2.1. Generation of X-rays
X-rays are generated when high energy charged particles are accelerated through =40 kV and collide

with matter. The interaction of the charged particles with matter gives emission of an X-ray spectrum
composed of monochromatic and white radiation (Bremsstrahlung). The monochromatic radiation is
of many fixed wavelengths and is explained below. White radiation (of little importance in XRD) arises
from matter collisions which slow and/or stop electrons, resulting in energetic loss in the form of
electromagnetic radiation. See figure 4.2 for an example spectrum produced on electron

bombardment of Cu.

Intensity

K Ka2

Bremsstrahlung radiation

Wavelength

Figure 4.2. Example emission spectrum of Cu after bomdarbment with electrons.

Monochromatic radiation is required for XRD. This is generated (in this work) by first heating a tungsten
filament which causes thermionic emission of electrons. The electrons are then accelerated at high
voltage (> 10kV) at a metal target (Cu in this work), affixed to an anode. Upon electron bombardment,
with sufficiently accelerated electrons, the metal target ejects inner core electrons. The inner core

vacancies are immediately filled by outer shell electrons, which releases energy in the process in the
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form of an X-ray. These transitions create an X-ray spectrum which is dependent upon orbital
arrangement and is thus characteristic of the element and the orbital from which the electron
originates. These shells are denoted by the Siegbahn notation, therefore the 2p — 1s and the 3p — 1s
transition are termed K, and Kg respectively. Only =1% of collisions generate X-rays; the remaining
energy is lost by thermal energy. Therefore, the X-ray tube, which houses the filament and target, is

constantly cooled (usually with water).

Cu Ko has a weighted average wavelength of 1.5418 A while Kgis 1.39225 A. These both correspond to
interatomic spacing in crystalline materials, but the K, transition is more common, and thus higher
intensity, so is preferred for diffraction experiments. This requires filtering to obtain a single
monochromatic Cu K, beam. This is done by using Ni foil, as the ionisation energy of Ni K, corresponds
to Cu Kg. Therefore, Cu Kg is absorbed (along with most of the white radiation) while Cu K passes
through. This gives a reasonably clean beam of Cu K. Further filtering via crystals, such as quartz or
germanium, can increase the beam purity. Here, crystals with known lattice spacing are orientated in

a way which diffracts certain wavelengths toward the sample.

Cu K, radiation is, however, a doublet of Kq; (1.54051 A) and Kz (1.54433 A) due to the slightly different
energies relating to the 2p electron spin states, relative to the spin of the 1s orbital. K4 and Ky, are too
close in energy to filter out effectively (unless using a crystal monochromator), hence an average of
1.54178 A is used. This shows as a peak doublet within XRD, which is more well resolved at higher
angle. The Kqradiation then leaves the X-ray tube by a Be window, which is effectively invisible due to
minimal X-ray scattering arising from its low atomic weight. The beam is then moved between a

specific angle range relative to the sample, discussed further in section 4.2.3.

4.2.2. Interaction of X-rays with Atoms
When an electromagnetic wave impinges upon a charged particle (such as an electron) it creates an

oscillating motion of the charged particle, which generates a secondary source of radiation that
scatters the incident beam. When X-rays are directed at an atom the oscillating electromagnetic field
causes each electron in the atom to vibrate. The vibrating electron then emits radiation, which can be
coherent with the incident X-ray beam. As X-rays are scattered by the electrons in the atomic shell,
each atom is effectively a point scatterer with a scatter strength proportional to the number of
electrons (therefore scattering scales with atomic weight). The scattered radiation can either lose or
maintain the incident energy. Elastic scattering, or Thompson scattering, has no loss of energy when
scattered, therefore is coherent with the incident radiation. Inelastic, or Compton scattering, is the

opposite. Elastic scattering forms the basis of XRD.
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Figure 4.3 shows an oversimplified view of an atom with several electrons (shown as points) scattering
incident radiation. Here, the scattering X-ray photons, shown in grey, across the A-B electrons in the
forward direction are in phase (or coherent) across the 22’ wavefront. The 2 and 2’ waves have
travelled the same total distance before and after scattering so no path (or phase) difference arises.
The in phase, scattered, waves across wavefront 22’ are the sum of both incident radiation amplitudes,
therefore a wave with twice the amplitude and the same wavelength results — constructive
interference® 7. The scattered waves across wavefront 11’ are out of phase, as the path distance is
not an integral number of wavelengths (CB-AD), therefore scattered radiation is of a lower amplitude.
Complete destructive interference occurs if a wave is 180° out of phase with another and both have

the same amplitude’.

1!

Figure 4.3. Simplified view of an atom showing in phase (22°) and out of phase scattering (11°) across two wavefronts.
Electrons in green.

The atomic scattering factor explains how efficiently an atom scatters in a given direction, and is

defined thus’:

_ Amplitude of wave scattered by atom
"~ Amplitude of wave scattered by one electron

f 4.1
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4.2.3. X-ray Diffraction
X-rays have wavelengths (0.05 nm to 0.25 nm), similar to the typical interatomic spacing in crystals

(=0.2 nm). Therefore, X-rays can probe crystal structures, first realised by Max von Laue in 1912 with
W.L. Bragg and W.H. Bragg devising the technique of XRD shortly after'® !, When discussing XRD
principles it is important to remember that crystalline solids may be regarded as effectively being
parallel atomic planes separated by a constant distance, d (d spacing). These atomic planes are
uniquely described by miller indices (hk/), which are the reciprocal of the points at which the plane
intersects the a, b and c axis (intercept reciprocal is taken to avoid c© which occurs if a plane does not
intersect one of the axes). Miller indices are, usually, taken as the plane closest to the origin without
passing through it. h is the reciprocal of the fractional coordinate at which the plane intercepts the a
axis of the unit cell, with k and / the same but relating to the b and c axis respectively. Therefore, the

(210) plane in a cubic cell intercepts the a axis at 0.5, b at 1 and the c axis at o, see figure 4.4.

{

L.. l..

\ \

\% v

Figure 4.4. Illustration of 210 (left) and 520 (right) lattice planes in a simple cubic cell.

The distance between planes is the d-spacing (dk«). If a cubic cell is considered, the distance between

adjacent planes (hkl) is

a

Ay = —— 4.2
Tkt 2

Combining miller indices with the discussed concepts of X-ray scattering forms the basis of XRD, as the
effectively infinite periodic array of atoms across multiple planes will inevitably allow constructive

interference once certain conditions are satisfied. These directions are governed by the nature of the
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crystalline sample and the wavelength of the incident radiation. This forms the basis of Bragg’s law,

which relates the X-ray wavelength (M) to the d-spacing of the atomic planes* 1%,
nil = Zdhkl sin@ 4.3

In Bragg’s law, polycrystalline samples composed of many lattice planes may either be reflected at an
angle (B6) equal to the incident radiation or transmitted through the plane to be diffracted by another
plane. When the spacing between successive planes provides a path length equal to an integer number
of wavelengths, the “reflections” would be in phase and constructively interfere, see figure 4.5. In real
crystals, whereupon thousands of planes exist, Braggs law imposes strict conditions upon the angles
at which reflection can occur. Hence, if the incident angle is incorrect by more than a few tenths of a
degree, beam cancellation is usually complete?! (although Bragg’s law discusses reflection, it is in fact

scattering to which it refers).

c&—0@ 0 0 0 0 °0

Figure 4.5. Illustration of Bragg’s Law, showing atoms (blue) arranged in planes (grey) and constructive interference (black
lines).

The interplanar spacing for each lattice plane set can then be determined by varying 8 while keeping
A constant. Therefore, to observe the (hk/) planes in the diffraction pattern X-rays must constructively

interfere, so equation 4.2 and 4.3 can be combined with Bragg’s law (for a cubic system) thus,

AZ
Sinzehkl = m(hz + kZ + l2) 4.4
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The intensity of the constructive interference is then detected at any given angle, with a plot of
intensity vs 20 giving the characteristic pattern for a crystalline material. The atomic scattering factors
also dictate the intensity of a Bragg “reflection”, which is proportional to the square of the structure
factor (see next section), hence illuminating the limitations of XRD with lighter elements. Bragg’s law,
although robust, is highly simplified when thinking of real-world crystal systems. However, despite the
inaccuracies, the same answers are obtained via complex mathematical analysis, therefore it is a good

way to conceptualise the reality of a very complicated process.

When analysing materials which are not primitive cubic, some reflection absences are seen due to
additional lattice centering; these are systematic absences. For example, in a face centred cubic cell
with (200) and (100) planes, the reflections from the (100) plane will be 180° out of phase with the
(200), see figure 4.6. Therefore, these will not be observed in the diffraction pattern. Hence all
observed (hkl) values for a face centred cubic cell will be either even or odd, similarly for a body centred
cell the relationship h+k+/ = even must be satisfied. This extends to all crystal classes and can provide

vital symmetry information.

Systematic absences also arise from screw axis and glide plane symmetry elements. For example, a 21
screw axis has a plane of atoms halfway between the (001) plane, therefore causing destructive
interference. This will cause I to be odd. A glide plane effectively halves the unit cell in the glide
direction. Therefore, a glide plane perpendicular to the b axis gives a plane which is one half a cell
length from the (101) and, thus, a systematic absence. Therefore, only when h is even can reflections

be observed.

Figure 4.6. lllustration of systematic absences in a face centered cubic cell where blue is the (100) plane and red is the (200)
plane.
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4.2.4. The X-ray Diffractometer
Powder diffractometers, owing to Bragg’s law are fairly standardised. Diffractometers require a source

of radiation (discussed in section 4.2.1.), a detector and sample stage. In reflection geometry the X-
rays are directed toward the sample stage at the incident angle (8) and the diffracted beam is the angle
between the source and detector, 26. This corresponds to reflection or Bragg-Brentano geometry in
which the divergent and diffracted beams are focused at a fixed radius from the sample position. A
range of angles is scanned, with most diffractors operating from 1 —140°. The choice of range and scan
time depends upon the crystal structure and upon the information which needs to be extracted, for
example for known structures only shorter periods may be used, however for unknown structures that

need resolving a wide 20 and with long scan times may be required.

In powder XRD the sample is spread upon a planar substrate which should ideally consist of many
similarly sized particles arranged in a random manner, which cover each possible orientation and thus
give a good, averaged view of the overall structure. This can be greatly assisted by use of a rotating
sample stage. A plot of 20 against observed intensity then gives a diffraction pattern, see figure 4.7.
Within a diffraction pattern information regarding unit cell characteristics, atomic positions, thermal
vibrations, phase fractions, crystalline size, and/or preferred orientation can be obtained. Individual
peak intensities also give information of the lattice plane multiplicity. It must also be assumed some

form of instrumentation contribution to the pattern is present, such as zero-point error.

Intensity (arb. units)

20 30 40 50 60 70 80
20

Figure 4.7. Example X-ray pattern obtained from a tetrgonal lithium garnet.
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The absolute intensity of a diffraction pattern depends upon experimental parameters, such as the
scattering power of the elements and scan duration. Instrumental factors, like radiation source and
detector efficiency, will also affect the final pattern. Small particle crystalline samples give broader

peaks, which decrease the height of the peak, as too will atomic thermal motion.

Powder XRD is used heavily throughout this work, with this sometimes taking the form of both powders
and pellets. XRD was taken on all samples to assess phase purity (which was matched with the PDF2
database). Structure refinement was based upon known structural models to obtain lattice parameters
and fractional occupancies (see next section). Sample handling is detailed in the methods sections of
each chapter, but generally samples were affixed to low background silicon disc holders. Samples were
finely ground and affixed via a thin layer of petroleum jelly to the silicon, with powder covering the
entirety of the disc. XRD scans were obtained between 15 - 80° 26 with a 0.02° step size. Scan times
varied dependent upon the material, but generally the more complex the system, the longer the scan.
A Bruker D8 advance diffractometer in Bragg-Brentano geometry fitted with an Ni filter, a Cu Ka X-ray
source (A= 1.5418 A) and a solid-state LynxEye position sensitive detector was used. The sample was
rotated at 15 RPM. Variable temperature measurements were conducted on a similarly equipped D8

but lacked a rotating sample stage.

Detector

Divergence Slit

Anti-Scatter,
slit i

Figure 4.8. Simple diagram of an X-ray diffractormeter
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4.2,5. Data Analysis- Rietveld Refinement
Rietveld refinement is used to obtain structural information from XRD patterns!**8, The Rietveld

method involves fitting a model to experimental data. The model is generated from structural models
with enough crystallographic information to calculate an accurate diffraction pattern with the ideal
peak intensity. This is then compared to experimental (observed) data to extract numerous structural
parameters, such as unit cell size and shape, fractional occupancies and atomic positions. The Rietveld
algorithm optimises the model function to minimise the weighted sum of squared differences between
the observed and calculated point intensities, with the latter varied using a least squares method until

Sy is minimised, as per equation 4.5.

n
4.5
Sy — Z w; (Yiobs _ YicalC)Z
i=1

where Y,°%S is the observed intensity at the ith step, w; is the weight and is equal to 1/Y;°? and Y4t

is the calculated intensity at the ith step and the sum over all data steps* 16 1921,

Therefore, the accuracy of Rietveld analysis depends very heavily on the quality of the starting model.
Several factors must be considered in a diffraction pattern; these include the background, peak

profiles, peak positions, and peak intensities. These are discussed in more detail below.

The background cannot be fully removed from an experimental diffraction pattern; its contribution
can only be minimised. Although, the data held within the background (diffuse scattering) are useful
in other techniques, it is not for standard structural refinement from XRD patterns. Therefore, it must
be accounted for so that the remainder of the pattern is modelled accurately. Background functions
are modelled by geometric functions, with this work using Chebyshev polynomials in the general
structure analysis system (GSAS) 11*3. Further background contributions can arise dependent upon

sample holder, see section 4.7.4.

Each analysed experimental diffraction pattern must account for peak shape, as ideal crystalline
materials (which show single, sharp, diffraction lines on a pattern) will not be observed. Peak shape
also alters due to instrumental influences (such as axial divergence, detector misalignment, X-ray
source, slit choice and imperfect monochromatic radiation). XRD peak shapes look similar to the
common mathematical descriptions of symmetrical peaks, Gaussian and Lorentzian. However, these
are seldom adequate to describe the peak shapes alone. Rather, a combination of Lorentzian and

Gaussian factors are used, termed pseudo-Voight!3. Peak positions can be determined easily from the
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diffraction pattern, from which lattice parameters can be derived. Instrumental factors, such as zero-

point error, can also affect peak position.

The Bragg peak equation allows calculation of peak intensity, as per equation 4.6:

It = Ky F; (zhkl)m(hkl)A(hkl)Lp(hkl) 4.6

where /i) is the intensity, K is the proportionality constant, muy is the Bragg reflection multiplicity,
Ay the absorption correction factor (dependent upon sample thickness in the diffraction direction)
and Lpiis the Lorentz factor (probability of observing a reflection at a given diffraction angle, and a
radiation polarisation factor). Fiis the structure factor, this describes the atomic positions, thermal

parameters and site multiplicity as per equation 4.7:
Foneny = Z i Njexp[Zni(hxj + ky; + lzj)]exp[—Mj] 4.7
J

fiis the atomic scattering factor of the jth atom type, N;is the site occupancy of the jth atom in the unit
cell, x;, yjand z; are the atomic positions of the jth atom in the unit cell and M;accounts for the reduction

in scattering power arising from thermal motion. M; is calculated thus:

— 2p2qi,2 0
M; = 8n”B/sin /AZ 4.8
where Bj relates to the root square mean thermal displacement of the jth atom parallel to the

diffracted beam by 1/8n2‘

Within Rietveld refinement, the calculated diffraction pattern intensity for any data point is the sum
of all contributions from the overlapping Bragg peaks. This is combined with sample corrections (such
as zero-point error or preferred orientation) and the background. These parameters are assessed
stepwise within software (this work uses GSAS Il) and recalculated after each step. This compares the
experimental pattern to its calculated equivalent whereupon the better observed data overlap the

calculated (fit), and this determines the quality of the extracted parameters.

R factors are often used to mathematically assess the quality of the fit between the observed and
calculated pattern but should not be used alone to assess accuracy. Both R-pattern (see equation 4.9)

and R-weighted pattern (see equation 4.10) compare the whole pattern fitting for the observed and

calculated diffraction pattern at each data point, with a lower value indicating better fit'3.

Y_obs _ Y.calc
R. = Zl i i | 49
14 ZY.ObS
i
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Z w; [Yiobs _ Yl_calc]z 2
R =
" [ Zwi [P ]

4.10

The optimum R value (assuming a perfect structure model) is R expected (Rexp). This takes into

consideration the error in the measured intensity and is calculated by equation 4.11.

4.11

1,
N-—-P-C
Rexpz—

2
Z w; YiObS

N is the number of observations, P the number of refined parameters and C the number of constraints

used in the refinement process.

However, within Rietveld refinement the most popular quoted term to indicate the quality of the fit is
Ruwp, despite potentially giving false minimums if the selected parameter suite is incorrect (this is also
true of other mathematical models). However, Ry, suffers from erroneous values if the background is
not properly described, if all peaks are not accounted for and/or if a large background is present (giving

erroneously high Ru,). Accordingly, a background corrected Ru, can thus be found in equation 4.12.

Z w; [Yobs _ Y'calc]z 1/2
R — i i
P Zw[YPP* — Bkg;]?

4.12

These numerical data are of high importance, as they describe (albeit not completely) the necessary
algorithmic functions to allow for a Rietveld refinement. However, these data alone should not be
used, as most refinement software aims to reduce the least squares parameter as much as possible
and will thus do so even if an incorrect/impossible set of parameters are selected. The histogram which
visually shows the observed and calculated data (difference profile) should also be used (see figure
4.9) in conjunction with R factors to assess data quality, as should a consideration as to whether the

final structural model is sensible*?.
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Figure 4.9. Example refinement difference profile of a cubic lithium garnet material, Rw, = 7.976%



101

4.3. X-RAY ABSORPTION SPECTROSCOPY
X-rays can be absorbed by electrons. This forms the basis of X-ray absorption spectroscopy (XAS). Here

an incident X-ray beam, which corresponds to the binding energy of a core electron, can promote a
core shell electron to an unoccupied orbital (or to a continuum state). This is termed the absorbance
edge. The absorbance of an X-ray, and subsequent electron promotion, requires a specific
characteristic energy dependent upon atomic orbital arrangement. Therefore, absorbance spectra are

characteristic of individual elements and their local environments.

When the incident beam energy matches the binding energy, there is a sharp rise/discontinuity in the
linear absorption coefficient of X-rays arising from electronic transitions, the number of which being
dependent upon atomic weight. This gives a sharp peak in the transmittance spectra (the edge). This
generally describes XAS. X-ray absorption near edge spectroscopy is a subset of XAS where the region
around the absorbance edge (=10 eV below and =20 eV above) is studied. This relates to inner shell
transitions. As the precise wavelength shape and the absorption edge are very sensitive to the local
environment the local structure, such as oxidation state, can be probed (the fine structure).
Investigations can also be extended further past the absorption edge to determine bond lengths and

coordination environments. This is extended X-ray absorption fine structure (EXAFS), see figure 4.10.
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Figure 4.10. Example of X-ray absorbance spectrum obtained from BaPrQOs.



102

An XAS spectrum is split into three regions: the pre-edge, the edge, and the post edge. The pre-edge
gives information regarding the coordination environment. The post-edge region allows determination
of coordination shells, as the emitted photoelectron scatters off neighbouring atoms (EXAFS). Only the
edge is considered in this work, which gives the formal oxidation state of the element. This corresponds
to promotion of a core-electron above the continuum (where the absorbance edge is treated as a
continuum resonance). As the absorber-scatter interaction (between the nearest neighbour atoms)
distance gets shorter, the continuum state energy increases. This corresponds to shorter bond-lengths
in samples; therefore, the edge energy increases. Hence, the edges are shifted to higher energies as
the sample oxidation state is increased. In this work XANES samples were analysed in pellet form. Here,
7 - 12 mg of powder was mixed with 50 mg of cellulose and uniaxially pressed to 2 tons. Samples were

analysed at Diamond Light Source on B18.

The vacancy arising from the promoted, inner shell, electron in XAS is promptly filled by outer shell
electrons. This also emits electromagnetic energy in the X-ray region, with an energy equal to the
specific energy difference between two quantum states of the electron. These emissions are
characteristic of each element and form the basis of X-ray fluorescence spectroscopy (XRF). This was
used briefly in this work to confirm Cl presence in the Hf garnets (chapter 6). Here, samples were

analysed in powder form under a He atmosphere on a Bruker S8 Tiger XRF.



103

4.4, A.C.IMPEDANCE SPECTROSCOPY

Impedance spectroscopy (IS) is a commonly used technique to probe a wide variety of systems such as
solar cells, photoelectrochemical cells, sensors, biological systems, water splitting and corrosion. This
also extends to energy storage, whereupon charge movement and transfer takes place. Slutyers was
the first to use IS in energy storage, and it is used heavily throughout this work to investigate the
dielectric behaviour and conductivity of the garnet electrolytes?” 23, IS is also used to assess the

interfacial resistance between the garnet and Li metal in lithium symmetry cells.

4.4.1. A.C.Impedance Overview
A succinct view of A.C. impedance spectroscopy is one where it is considered akin to resistance as per

Ohm'’s law, defined thus,

R = 4.13

E
I
where R is resistance, E is voltage, and | is current. The equation implies a simplistic view of resistance,

with only E and | relating to the ohmic value. Hence, Ohm’s law only covers the behaviour of an ideal

resistor with a direct current signal, but also assumes that:
* Ohm’s law is adhered to at all current and voltage levels
* The resistance value is independent of frequency
* Alternating current and voltage signals through a resistor remain in phase

Therefore, Ohm’s law presents an overly simplistic view of resistance, as it does not examine the
complex behaviour encountered in all practical systems upon application of a potential. In these real-
world systems (even including simple resistance measurements, such as an Au wire) the application of
voltage enables charge movement, which arises from ion/electron migration and point defects. This
causes an immeasurable number of polarisation events, therefore inducing dipoles/multipoles in the
sample. This corresponds to storing energy in either electric or magnetic fields, to which a resistive
component is inevitably present as charge does not move freely. Therefore, real world systems
fundamentally contain a complex array of resistors, capacitors and inductors connected in parallel
and/or series which cannot be accounted for by Ohms law alone?*. However, IS, not being bound by
these properties, gives both a more correct approximation of resistance (real impedance) and can also

reflect the ability of a system to store charge (in the imaginary term, see later)?>%°,
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4.4.2. A.C.Impedance Theory

A traditional view of an A.C. signal is a sinusoidal waveform, which represents the periodic reversal of
the signal (often many times per second), see figure 4.11. In the sine wave, the electrical signal
alternates between a maximum and minimum value, with the periodic time between waves being a
smooth transition. The time between a full waveform cycle is the periodic time (T) often expressed in
Hz, where 1 Hz is one whole periodic cycle per second. With sine waveforms, this periodic time can
also be expressed in terms of either degrees or radians, with one full cycle equal to 360° (T = 360°) or
21 (T = 2m). A.C. signals can be discussed in terms of other waveforms, such as square waveforms, but

these do not relate to the use of IS in this work.

The measurement of impedance relies upon use of a sinusoidal alternating potential (the term A.C.
potential is a misnomer) which, when passed through a sample, maintains its frequency and sinusoidal
nature but the alternating current response is phase shifted and the amplitude changed, see figure
4.11. It is this vector quantity which denotes the magnitude of the impedance. It is now relatively
simplistic to create a corresponding equation analogous to Ohms law but applicable to A.C. signals.

Firstly, the alternating excitation signal is considered and is expressed by equation 4.14:
E; = Epsin(wt) 4.14
where:
w =2nf 4.14i

E is the potential at time t, Eo is the amplitude of the signal and w is radial frequency (expressed in
radians/second) and frequency f (expressed in hertz). A corresponding A.C. response can then be

formulated thus:
I, = Iysin(wt+®) 4.15

where | is current and @ is the phase shift. Hence an equation analogous to ohms law can be derived
whereby:

_ B Egsin(wt) sin(wi)

=—= =Zy=—7——"— 4.1
I, ~ Ipsin(wt+®)  "° " sin(wt+®) 6
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with impedance (Z) being expressed as a vector quantity composed of both magnitude (Zo) and phase

shift (O). Hence, Z=R.

—E
E 4 P —
S
0 T T T T
Z = Magnitude
E- A;Change

Figure 4.11. Example of IS where alternating potential (black) has a different amplitude compared to the alternating current
resonse (red) - (Z, the real component), corresponding to resistance. The current response is also phase shifted (®), which
reflects a capacitive response and reflects the storing of charge (where an ideal capactior would lag the excitation by 90°).

However, if these values were plotted directly the sinusoidal signal and response is an oval, referred
to as a Lissajous Figure (which can also be used to assess the pseudolinearity of the system). This was
the traditionally accepted method for data analysis on older oscilloscope-based measurements, prior
to the availability of lock-in amplifiers and frequency response analysers. IS data are now analysed
more commonly in the form of a complex function, with both real (Z') and imaginary components (Z”)
by Nyquist and/or Bode plots. However, for these plots, equation 4.16 must be converted to a complex
equation. This requires Euler’s relationship, which establishes the fundamental relationship between

the trigonometric and complex exponential functions with respect to @:
expU®) = cosd + jsind 4.17i

Impedance can then be expressed as a complex function:
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E; = Eysin(jwd 4.17ii
I; = Iysin(jwt— @) 4.17iii

Hence equation 4.18 can now be transformed into a complex number as per:
E . :
Z(w) = 7= ZoexpI®) = Z,(cos® + jsin®) = Zpea) + jZim 4.18

The impedance data can now be represented as a complex number as a combination of “real” or in
phase (Zea) and “imaginary” or out of phase jZ;u. This forms the Nyquist and/or Bode plots. The phase
shift (@) at a chosen radial frequency (w) is the ratio of the imaginary and the real impedance
components, thus:

Z.
@ =tan™! (ﬂ) 4.19

real

IS is an exceptionally versatile tool and is very useful in the characterisation of ceramic electrolytes, as
it allows the electrical properties of the material to be both measured and separated into individual
parts. IS involves using a small sinusoidal potential (to keep the system pseudolinear) and measures
the current response over a wide frequency range (10MHz — 0.1Hz). Sample features (such as the bulk
and grain boundary) undergo polarisation phenomena in different frequency ranges, but also
(theoretically) differ by electrical relaxation time (time constants), which can be used to characterise
the system components in terms of resistance and capacitance. Sometimes, however, these different
time constants, depending on the system under analysis, can overlap and show only a singular
response. At high frequency the change in polarisation is rapid, therefore current flows easily whereas

at low frequency the amount of charge can reach saturation and give high impedance.
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4.4.3. Data Presentation and Interpretation

IS data are commonly interpreted by either Nyquist or Bode plots. Both these plots represent the
frequency response; however, Nyquist plots combine Za and Zi,, into one plot in the complex plane
and thus lose frequency dependent information. Bode plots, conversely, plot Zi.. and Zin, as a function

of frequency response.

In a typical Nyquist plot the real (Z') and imaginary parts of impedance (Z”’) are plotted on the X and Y
axes respectively, where 7’ is the impedance value (akin to resistance) and Z” reflects the reactance of
any capacitive (or inductive) components. Nyquist plots are valuable to identify the characteristic
features (such as the bulk and grain boundary) exhibited by a system, but all frequency information is
inherently lost. This can also complicate interpretation when dealing with a system with a
disproportionately large resistive component, which can essentially dwarf a smaller contribution.
Conversely, Bode plots plot the impedance magnitude and phase angle against frequency, where

magnitude and phase angle are given by equation 4.20 and 4.21.

Z= /Z}%e + Z%, 4.20

Zim

— 4.21
Zre

® =tan?!

As frequency ranges are commonly quite vast, these plots are logarithmic to allow for easier

examination of smaller values.

In this work, lithium-ion conductivity, interfacial resistance in lithium symmetry cells (between
garnet/Li metal) and capacitance was evaluated via IS. Zview was used exclusively to interpret the data.
A typical Nyquist plot is shown in figure 4.12, and this is representative of an ideal SSE response with
Li* blocking symmetric Au electrodes (Au/SSE/Au), where upon two semi-circles are observed. These
relate to the ionic transport within a grain (high frequency) and along the grain boundary (mid-
frequency). A spike corresponding to the sample — electrode double layer effect is present at low
frequency. This represents the Li-ion transfer resistance between the garnet electrolyte and the Au
electrode and arises from the capacitive behaviour of the gold electrodes, which block Li-ion diffusion
and thus increasingly charge under an applied alternating potential, as charge movement begins to

accumulate and (eventually) reach saturation.
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Figure 4.12. Typical Nyquist plot of Au/Lithium garnet/Au, where Rpux is in the high frequency range and Ry is in the mid-
frequency range. The low frequency range shows a capacitive spike, corresponding to the charging phenomena encountered
at the garnet/Au interface.

Resistance from a Nyquist plot is the high intercept of the semi-circle/s on the real (Z’) axis at high
frequency. This can directly be converted to conductivity (o) (the ability of a circuit to allow the flow

of current) by equation 4.22.

o= 4.22

where lis electrolyte thickness, A the contact area between pellet and electrode, and R the resistance.
The plots in this work are presented in resistivity, with the data scaled in Zview by the geometric factor
(pellet-electrode contact area divided by thickness). This allows for presentation of plot axes in Q cm,

the inverse of which is o (presented in S cm™).

As IS reflects the ability to characterise real world systems with a variety of resistance (R), capacitive
(C) and /inductive effects (L), the data are often interpreted in terms of equivalent real-world circuits.
These commonly include R/C elements connected in series or parallel. Here C reflects the capacitance

arising upon polarisation from the A.C. signal (in this case ionic migration) and R the resistance.
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An ideal capacitor has parallel, oppositely charged, plates whereupon no current flows (capacitive
reactance) and energy is stored in an electric field. This would give a perfect semi-circle and

corresponds to:
Z=— 4.23

where w is the angular frequency and j = \/—_1, whereuponZ’=0and 2"’ =-1 /wc. C as an EC model is
seldomly used — as this indicates an ideal capacitor, where the two plates charge perfectly, and the
current lags the voltage by -90°. This angle is not observed in real world samples, where upon poor
contact, impurities, defects, sample roughness, tortuosity, conductivity (ionic or electronic),
temperature, frequency and/or equipment limitations/setup create a deviation from ideal capacitive
charging behaviour. Instead, a constant phase element (CPE) is used, which additionally describes the
deviation away from ideality thus

1

Zcpe = W 424—

where n is the description of non-ideality, Q is the non-ideal capacitance and is equal to 1/Z (where

ideal = 1). Cis then found from Eq. 4.25%°

¢ = (R Q)/n 4.25

This enables calculation of relative permittivity via

& =— 4.26
0

where g is vacuum permittivity (8.854 x 10* F cm™). Both capacitance and dielectric constants
calculated can then be used to characterise the system. In this work values *10? F cm™ and dielectric
constants =40 - 100 are often seen, as these are typical values for a bulk oxide response?. See table

4.5 for assignment of capacitance values to different phenomena?.

Table 4.5. Typical sample capacitance values obtained from impedance spectroscopy and the phenomena to which they

correspond.
Capacitance (F cm™) Responsible Phenomena
1072 Bulk
101 Minor, second phase
101 -10% Grain boundary
10%9-107° Bulk ferroelectric
10°-107 Surface layer
107 -10° Sample-electrode interface

10* Electrochemical reactions
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Energy can also be stored within a magnetic field — an inductor (L). The current with inductors leads
the voltage by 90°. This is present in this work with highly conductive samples at high (> 5 MHz)
frequency and is undesirable. This arises from limitations of the impedance setup, such as wire
mismatching (for example different lengths or gauge) which enable generation of a magnetic field. L is

expressed thus:

Z = jwl 4.27

The EC elements used in this work are illustrated in figure 4.13.

R1 L1

_ —n—
Resistor Inductor

CPE1
> >

Constant Phase Element

Figure 4.13. Equivalent circuit components used to model the impedance spectra in this work.

Lithium garnets in this work were prepared for IS by pressing the synthesised powders into cylindrical
10 mm pellets by uniaxial pressing. These pellets were then heated to high temperature under N,, O
or in a dry room. Once densified, pellets were weighed, and dimensions measured. The gravimetric
density was then calculated and compared to the theoretical density obtained by Rietveld refinements

to calculate relative density.

Pellets were sanded to 800 grit (in air) and Au electrodes attached. Au was applied by either sputtering
or by painting with Au paste. Au sputtered samples used an Agar automated sputter coater with 40
mA current applied under =0.05 mbar for 100 seconds each side. The pellet was protected from a short
circuit by Scotch tape. Au sputtered samples were then secured in an MTI split cell and assessed at
room temperature and/or at different temperatures manually. Au paste required heating to 800°C for
1hr to cure. This method enabled Au wires to be attached for automated variable temperature

measurements to assess activation energy.

Room temperature measurements were carried out on a Solartron 1260 analyser from 10 MHz to 1 Hz
or 0.1Hz. Pellets with Au paste were attached to a HP 4192A LF analyser and analysed from 13 MHz to
5 MHz. Potentials between 20 — 100 mV were used. Variable temperature measurements, by using the
Arrhenius equation (see section 1.6.3.), plotted log o vs 1000/T (K) to calculate the activation energy

over the analysed temperature range. This derivation is available in appendix 1.
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Lithium metal symmetry cells were also constructed and analysed on a Solartron 1260 over the same
frequency range with an applied potential of 20 mV. Here, plots were scaled to account for the contact
area between the electrode/garnet and are, therefore, presented in Q cm?. The area specific resistance
(ASR) is the R value corresponding to the semi-circle seen at low frequency and divided by two (to

account for two Li metal electrodes). Cell assembly is discussed in section 4.6.
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4.5. MICROSCOPY

4.5.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) has been used throughout this work to image both individual
garnet grains and pellets. SEM uses a focused beam of high energy electrons directed at a sample.
These produce an image based on sample interactions at varying depths. SEM can provide information
on the surface topography, crystalline structure, chemical composition and electrical behaviour

originating from, roughly, 1 - 6 um from the sample surface3Z.

In a typical SEM instrument, incident electrons are generated from an electron gun (2 - 40 keV in
energies). Several types of electron gun are in use, but this work made use of the tungsten hairpin
type. Here, the tungsten filament is heated (via current flow) to > 2500°C. This gives thermal emission
of electrons. These are accelerated at a specified voltage through an electromagnetic condenser lens,
which is then rastered across the selected sample area by scan coils. Electrons penetrate the sample
in a teardrop-shaped volume, with dimensions determined by the electron beam energy, sample
atomic masses and the incident angle. This interaction produces secondary electrons (SE), back-

scattered electrons (BSE), augur electrons and X-rays (white radiation is also created).

SE and BSE images were used in this work. SEs originate near or at the sample surface and are a result
of inelastic scattering, whereupon an incident electron excites an electron in the sample. This results
in a loss of energy. The excited electron then moves toward the sample surface and is ejected from
the sample (assuming sufficient energy), which is detected and forms an image. As only electrons =10
A from the surface are ejected, this enables higher resolution (compared to BSE) and is ideally suited

for topographical examinations.

BSEs are generated when incident electrons are reflected (or backscattered) from their original path
via elastic collisions with the sample. These collisions increase with increased atomic weight, therefore
heavier atoms scatter more abundantly. This corresponds to bright/dark spots in the image and can
assist in determining sample homogeneity and phase purity, with images well suited toward
morphological information. This work made use of a Hitachi TM4000plus instrument with an AZtecOne
X-stream?2 energy dispersive X-ray spectrometer (EDX) attachment or a Philips XL30 FEG instrument
with an Oxford Inca 300 EDX attachment. In all cases samples were secured to an Al stub completely
covered in conductive carbon tape, this avoided undesirable Al signals from the EDX (see next section).
Any specific alterations to accelerating voltage or sample preparation are discussed in each

corresponding section.
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4.5.2. Energy Dispersive X-ray spectroscopy

Energy dispersive X-ray Spectroscopy (EDX) is a complementary technique to SEM which utilises the X-
rays emitted as a result of the electron bombardment over the selected sample area®. These X-rays
have characteristic energies related to each element, so can be used to analyse sample composition.
Upon bombardment by an electron beam, electrons are ejected from the sample surface. This leaves
an inner shell vacancy, which is filled by an electron from a higher shell. This emits energy in the form
of an X-ray photon during the process. The energetic emissions, as they are generated from the
electron shells, are characteristic of the electronic structure of the element. Numerous emissions can
result, dependent on element, and creates a spectrum of energy vs the relative counts of the detected

X-rays. This gives both quantitative and qualitative information from a sample.

In EDX, the characteristic X-rays are labelled using the Siegbahn notation: K, L, M, N. These are followed
by a Greek letter which corresponds to the electron shell that was ionised and filled. The letters have
additional subscript numbers that identify the donor shell and sub-shells that filled the vacancy, such
as Fe Ka;. To ionise inner shell electrons, the incident electrons need sufficient energy. Therefore,
electrons below the critical ionisation potential cannot displace a K shell electron but may vyield

vacancies in higher L or M shells, leading to La or Ma emissions, see figure 4.14.
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Figure 4.14. Simplified view of an atom (orange) with electrons (green) in K, L, M and N shells. Shows the effect of inner shell
ionisation and subsequent emission of a characteristic X-ray when the vacancy is filled from an outer shell electron.
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4.6. CELLTESTING

4.6.1. Cyclic Voltammetry

Electrochemistry relates electron transfer processes to chemical changes, which is accompanied by a
reduction and/or oxidation within energy storage materials. These redox reactions occur when the
HOMO of one material is higher in energy than the LUMO of the other, which enables a
thermodynamically favourable route for electron transfer. The energy of these electrons (if not already
in favourable energetic positions for electron transfer) can be modulated using an external power
source, such as a potentiostat. The output is then analysed for a current response. This is cyclic

voltammetry (CV).

CV is a technique which scans the potential of a stationary working electrode using a triangular
waveform and measures any current response during the sweep. Any current response relates to
faradaic processes (electron transfer) and is shown as peaks in the voltammogram, whereas a flat
response indicates non-faradaic type current (such as capacitive)®* 34, This allows characterisation of

operating electrochemical windows within energy storage materials.

A typical CV experiment has upper and lower voltage limits selected; these increase linearly with time
at a set scan rate (for example 1 mV s). Upon reaching the set upper value, the scan is reversed, and
this can be repeated several times. The measured current response can show a variety of redox
reactions within a single material but can also show irreversible change. Here, only an oxidative or
reductive peak occurs, which although desirable in some areas indicates the material has degraded

within electrochemistry.

This work makes use of CV to assess the electrochemical stability window of the garnet electrolyte
materials. In all cases cells were constructed with Au electrodes and Li metal reference/counter
electrodes, with a garnet pellet in between. Cells were assembled in an Ar glovebox, whereupon garnet
pellets were polished from 240 to 4000 grit until a mirror like finish. Li metal was then added to one
side and hand pressed, before being secured in an MTI split cell lined with Au foil. Voltage was then
swept either from -0.4 — 5 V or -0.4 - 10V (vs Li/Li*). A1 mV s scan rate was used in all cases. All CVs

were undertaken on a Biologic VMP3 or SP50 instrument.
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4.6.2. Galvanostatic Cycling

Cells are often cycled under galvanostatic mode but with an imposed potential limitation for both
charge and discharge. This work, however, does not relate to any conventional battery
charging/discharging and concentrates solely upon Li-Li symmetric cells, which give quantitative
evaluation of the Li metal performance without the need to decouple cathodic effects. These
symmetric cells were cycled with respect to the contact area between the pellet and Li metal. This
differs from the conventional charge/discharge of cells where a constant current is applied per gram
(as the electrolyte can wet the electrode, which enables electrochemical reactions and ionic migration

throughout the electrode and thus beyond the areal contact encountered at the solid-solid interface).

Analysis of lithium symmetry cells was undertaken with an increasing current density to ascertain the
voltage, as a result of the applied current, and to determine at which point lithium dendrites
propagated and short circuited the cell. These cycling experiments would either assess long term
stability (over several months) or would increase the current after every cycle to assess the critical

current density (CCD). The CCD was observed by a voltage drop during cell cycling and by IS.

Typically, a lithium symmetry cell corresponding to Li/Garnet/Li was assembled by polishing the garnet
pellet (from 240 to 4000 grit) in an Ar glovebox. Lithium metal foil (with any black impurity layer
removed) was then applied to both sides of the pellet and heated to =175 °C for =1 h under sustained
pressure from a hand clamp. These cells were then cooled to room temperature, assembled into an
MTI split cell, and analysed via IS at room temperature from 10MHz to 0.1 Hz. This assessed the
Li/garnet interfacial resistance contribution, which occurs in the low frequency domain, and allowed
comparative spectra to be taken to confirm a short circuit had occurred. Cells were then analysed
under constant current conditions at different current densities on either a Biologic VMP3 or SP50

instrument.
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4.7. ERROR ANALYSIS

4.7.1. Equipment considerations

Powders and pellets were weighed on analytical balances (Ohaus PA64, Ohaus AX124 or Fisherbrand
FAS64) to the 4™ decimal place. All balances were readable to 0.1 mg with a linearity of +0.2mg.
Assuming limited drift, values > 0.1mg are unknown and could be rounded up or down. Therefore, the
error associated with the balance is half the resolution - £0.05 mg (0.1 mg / 2) with +0.2mg arising from

drift, which could impact the reported stoichiometries.

Pellet dimensions have errors associated to the digital (Mitutoyo or Duratool) 150 mm calipers, which
have a 0.01 mm resolution with a £0.02 mm error. Therefore, pellet diameters in this work have an
error range from +0.005 - +0.002 % (derived from the smallest, 4 mm, and the largest, 10 mm, pellet
diameter). Pellet thickness was between 0.8 - 3 mm, which gives errors between +0.025 - +0.006 %.
However, most pellets were =1.25 mm thick, therefore an average error of £0.0116 % can be assumed.
This impacts the reported conductivity/ASR values but is considered minimal, as such low errors do

not noticeably alter the reported data.

All sample heating and temperature-based measurements used K-type thermocouples, these present
a 0.75% error on the stated value (up to 1200 °C). This error relates to all sintering temperatures, ramp
rates and variable temperature measurements (XRD and impedance spectroscopy). Room
temperatures were monitored by a Fisherbrand™ Traceable™ Thermometer/Clock/Humidity Monitor

with an accuracy of £1 °C.

Reported oxygen and water content was measured via the MBraun UniLab pro glovebox sensors. The
03 sensor, a ZrO, semi-conductor, has an approximate error (assuming standard operating parameters)
of +2 % of the displayed ppm value +1 ppm. Moisture was monitored by a dehydrated phosphoric acid
layer coated on to a ceramic and, assuming no interference from NHj3 gas, is accurate to 5 % of the

displayed ppm value +1 ppm (between 0 - 10 ppm) or +20 % of the displayed value (10 - 100 ppm).

4.7.2. Solid State Synthesis
A 10-40 % mol Li excess was used to account for Li volatility at high temperatures. This might alter the

Li content per formula unit (pfu) during subsequent high temperature steps. This, therefore, introduces
potential stoichiometric Li errors in the reported formula. It was not possible to characterise Li content
in this thesis - the EDX or S8 Tiger XRF available were insensitive to Li and, irrespectively, cannot give
accurate bulk stoichiometries — as both involve X-rays emitted from surface-based interactions.
Therefore, phase purity (before and after densification), ionic conductivity and cell performance were

relied upon for a qualitative indication of the desired Li content. Here, reduced Li content would be
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evident from poorer than expected conductivity and worse cycling performance. Conversely, increased
Li (for example > 6.4 pfu) would lead to increased detection of the tetragonal cell (via XRD) and poor
conductivity. All garnet materials in this thesis were synthesised multiple times to the same intended
stoichiometry (under the same conditions) - to confirm performance consistency and give increased

confidence in the stated formulas.

However, very high purity starting materials were not always available (see table 4.6) and Zr and Hf
salts (99 % < 2% Zr or Hf) were used as higher purity options were not available (see section 2.4.2.4.).
This introduces a potential 0.1 - 1 % error in the reported stoichiometries and up to 2 % with respect

to Zr and/or Hf based salts. This, therefore, impacts the reported structural and elemental data.

Table 4.6. List of all starting materials in this work, including provider and purity.

Chemical Supplier Purity (%)

Al(NOs)3-:9H,0 Sigma >99

CeO; Arcos 99.9

Cl,HfO-8H,0 Alfa Aesar > 98 (excluding Zr), Zr< 1.5
Cl,ZrO-8H,0 Alfa Aesar > 98 (excluding Hf), Hf < 1.5
Ga(NOs);-8H,0 Sigma 99.9

Ga03 Alfa Aesar 99.999

HfO, Sigma 98 (excluding Zr), ZrO, < 2
La(NOs)s3 Sigma 99.99

La;03 Sigma >99.9

Li>CO3 Sigma >99

LiNO; Sigma >98

Nb,Os Alfa Aesar 99.9

Nd,0; Sigma 99.9

PrsO11 Alfa Aesar 99

SrCO; Sigma >99.9

Ta,0s Alfa Aesar 99

TiO; (anatase) Alfa Aesar 99.6
Zr0, Alfa Aesar > 99 (excluding Hf), HfO, < 2
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4.7.3. Powder Densification
Phase pure powders were uniaxially pressed in a 10 mm Specac die (1 - 3 tonnes) on a Specac manual

hydraulic pellet press or Specac Autotouch press. The associated pressure error is of little concern, as

the aim was to form a pellet without cracks, however, the densification steps require discussion.

Pellets were densified in tube furnaces or in a dry room using a muffle furnace once available (chapter
7 onwards). Tube furnaces had sealed glass ends and allowed for gas flow (N2, O or 5% Hy/N,).
Standard atmospheric pressure was assumed here, but was unable to be confirmed. Gas flow rate was
monitored by sulfuric acid bubblers (for dry gas flow). Densification was optimised until a repeatable
maximum, with a small deviation, was reached. After optimisation, maximal variations in pellet relative
density from tube furnaces (pre1) were 3.5 % (of the same phase), which arise from the largest reported
deviation (Gao sLissLasHf,01,, chapter 6) where pr ranged from 87% - 90.5%. Dry room densification
enabled variations of 2% - arising from muffle furnace use with larger heating areas. Therefore, the

conductivities reported had slight variations for the same phases. This is discussed in each chapter.

4.7.3.1. Pellet Preparation and Proton Exchange
Proton exchange was unavoidable during the densification process, as full densification in an Ar

glovebox was not possible. Tube furnace densification required handling under ambient conditions
after heating, as did dry room work (transport and transfer to an Ar glovebox was needed).
Furthermore, pellets could not be consistently covered with excessive mother powder (due to sample
limitations). Therefore, proton exchange was inevitable. This is especially true for analysis with Au
blocking electrodes — which were prepared (pre-dry room availability) in air and assessed under
ambient conditions in all cases. This will increase resistance and lead to reduced conductivities
compared to a pristine sample. This could not be characterised; however, all pellets were handled
similarly so proton exchanged layers should be, largely, equivalent within each succeeding chapter - as

should any effect on conductivity or cell performance.

For lithium symmetry cells, all pellets were sanded to a mirror finish by hand in an Ar glovebox (which
removes surface bound Li,COs). This invariably lacks consistency, as does the manual pressing of Li foils
to form symmetric cells. Therefore, some ASR variations were expected, with these further impacted
from symmetric cell construction variations and deviations in glovebox atmosphere. ASR values were
assessed for accuracy via comparison to other pellets from the same and different batches (of the
same garnet phase) and, where available, to reports elsewhere. Once the processes were optimised,
ASR values remained mostly consistent. This explains the observed variation in the succeeding

chapters, such as with the LTC work (appendix 2) where ASR values varied from 320 - 400 Q cm?.
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4.7.4. X-ray Diffraction and Structural Refinements
All samples were analysed on low background Si holders, which used a thin layer of petroleum jelly for

powder adherence. This invariably results in increased sample displacement error, which was
accounted for within Rietveld refinements. The low background Si holder and the petroleum jelly
coating (on Si) were scanned for background contributions, see figure 4.15. Additional background

contributions are also present in patterns at low 26 as no knife edge was used.

—— Petroleum Jelly

L T T ) P
i s it i

Wi

Intensity (arb. units)

—— Si Low Background Holder

Ly

20 40 60 80
26

Figure 4.15. XRD patterns of low background silicon holder and petroleum jelly on Si holder

Refinement errors are somewhat related to the estimated errors with the starting materials (0.1 - 2%)
(plus any diffractometer contributions to the Pseudo-Voigt function, see section 4.2.5.). However,
lattice parameters depend upon the observed peak positions in comparison to the calculated data
from the structural model. This therefore minimises, but does not remove, errors surrounding impure
starting materials for lattice parameters. Clearly once other sources of error are factored in, such as
zero shift and sample displacement, this will rise. Lattice parameters have errors stated in brackets
after the number. These numbers primarily fall within single digits for cubic garnets, such as 12.9741(5)
A with LissLasNb12ProsO1a. Errors rose with reduced symmetry (the tetragonal cell) and especially in
those systems where no high-quality structural model was available, such as Li;PrsHf,01; where a =
13.1049(21) A and ¢ = 12.6474(19) A. When possible, synthesised garnets were compared to work

elsewhere to further verify the reported parameters (discussed in the articles).

However, the precursor impurities will affect the reported fractional occupancies (dependent upon

atomic parameters) and can affect peak shape (crystallinity, grain size and defects). This gives a
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potential 0.1 - 2 % error for atomic estimations within the unit cell. This impacts fractional occupancies
and, thus, theoretical densities. This is especially relevant where fractional occupancies were not

refined due to multiple site occupation of similarly scattering atoms (chapters 5, 7, 9 and appendix 2).

As mentioned in section 2.4.2.3, further vacancies are likely present within the lithium garnet
structure, such as on the La and/or Zr site. These were investigated via Rietveld Refinements in this
work, but (if yielding a stable refinement) gave only small changes in occupancy with little (or no)
difference in fit or Rwp. For example, La occupancy refinement in Lis sLazNb1.sPros012 increased beyond
1 (indicating an unstable refinement) and gave no Ru (8.209 %) change. Conversely, the fractional
occupancy of Nd in LigaNdsZr12NbesO12 reduced from 1 to 0.9981, with no Rwp change (5.344%). Hf
refinements (in GagLissLaszHf,01,) yielded a decrease to 0.9828, with similarly small changes noted for
oxygen throughout the reported garnet work. Although some fractional occupancies could be argued
as plausible, the lack of additional evidence, the minimal quantitative change, and the little difference
in fit or extracted parameters led mostly to the use of structural model occupancies (often 1 for oxygen
and larger atoms such as La, Zr, Nb), to simplify the parameter suite - unless otherwise discussed within

the articles.

4.7.5. Impedance Spectroscopy
Additional impedance contributions, aside from those stated within the research articles, arise from

the spectrometer wiring, which used Pt or oxygen free Cu wires connected to pellets or an MTI split
test cell. This gives =5 Q of additional resistance®. Further resistance contributions arise from the MTI
split test cells, which have stainless steel contact plates and plungers with oxide layers on the contact
plates. These oxide layers would show, with conventional LIBs where total cell resistance is usually
=100 - 200 Q, as an additional high frequency semi-circle with low resistance (=10 Q for 11 mm
aluminium coated electrode disc®). These oxide layers can be removed by polishing but are
indistinguishable from the garnet bulk/grain boundary features (due to high resistance of the garnet
pellets), hence was not undertaken. Therefore, the highest estimated resistance error can be
calculated using the resistance value (of the semi-circle corresponding to oiota) Of the least resistive
pellet prior to geometric scaling (at room temperature) and the sum of the resistance encountered
from the wires/oxide layers. In this work, this is 743 Q (LTC pellet at 22 °C) with a total =15 Q additional
resistance, Therefore, an error a -2.02 % is indicated. This error reduces as pellet resistance increases

(with most sample resistances being > 1000 Q).

Impedance fitting relied upon sensible equivalent circuit models, extraction of logical values (that

correspond well with the physical Nyquist/Bode plot features) and the visual fit, however figure 4.16



121

shows example errors associated with the fitting of a simple garnet system. These errors increase with
increased system complexity. For example, the grain boundary contribution becomes harder to model
as density is increased (due to overlap with the bulk time constant), despite the often-clear visual
presence. This would require manual fitting based upon the initial least squares regression method.
These are explained in the succeeding chapters. Stated capacitance values were derived from the fitted

data, but also the spectroscopic C bode plot, and calculated by hand to confirm accuracy.

i —— Experimental Data
e Fit
u Mo cm Element Value Error Error (%)
. > L1 3.8673x10°  4.951110%  1.2802
E R1 1989 1.09782 0.055163
% CPE1-T 2.106E10 7.555810"%  3.5881
=50 CPE1-P 0.94527 0.0020377  0.21557
CPE2-T 1.130710° 3.50510°° 0.26979
N CPE2-P 0.93384 0.0005008  0.053628
0 2500 5000 7500
Z'(Q cm)

Figure 4.16. Example simple lithium garnet impedance spectrum system showing single, overlapped, bulk/GB response with
Au block electrodes. System shown is from chapter 9.

4.7.6. Scanning Electron Microscopy and Energy Dispersive X-ray spectroscopy

Despite the limitations of EDX for stochiometric analysis, it was used in this work to detect Al content.
Here an Al stub was used, therefore beam scattering on latent gas within the SEM/EDX chamber would
enable generation of erroneous Al Ky signals if not fully covered. Hence the Al stubs were covered with
carbon tape. This was assessed by comparison of the bare stub and the same garnet samples
with/without tape, with carbon tape showing full removal of Al K,. Nonetheless, two layers of carbon
tape were used to ensure full removal of Al K4 signals. This, therefore, gave increased confidence when
stating Al presence. No impurity signals were noted relating to the starting materials, however the EDX

used lacks sensitivity for such low impurity content, hence an error of 0.1 — 2 % must be assumed.
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Li ion conducting garnets have been attracting considerable interest for use as the electrolyte in all solid-
state batteries, due to their high ionic conductivity and wide electrochemical stability window.
Consequently, there have been a number of doping studies aimed at optimising the conductivity, focusing
on both doping in LiyLazZr,O1, and LisLaz(Nb/Ta),O1, systems. In this paper, we report a detailed study of
Pr doping in LisLasNb,O;,, and show that this is a rare example of an ambi-site dopant, being able to be
doped onto either the La or Nb site. Interestingly the resultant Pr oxidation state is determined by the site
substitution, with oxidation states of 3+ for the La site, and 4+ for the Nb site. While the conductivity is

essentially unchanged for the La site substitution, Pr** substitution on the Nb site leads to a large increase
1
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in the conductivity associated with the increase in Li content (Lis,cLasNb,_,Pr,O15) up to 0.56 mS cm™
(at 50 °C) for x = 0.8. Overall, this work highlights the flexibility of these garnet materials to doping, and
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Introduction

Increased demand for portable electronic devices, electric
vehicles and renewable energy has significantly expanded
demand for efficient, safe, low cost and high-power energy
storage. Lithium ion batteries (LIB) are principally used for
these purposes, due to their high volumetric and gravimetric
energy densities." However, current LIBs have a variety of
safety, thermal and efficiency issues, which are often attribu-
ted to the liquid organic electrolytes used in the cell. These
liquid electrolytes also limit the cell potential by preventing
the use of lithium metal anodes.” These disadvantages, and
advantages, are covered in many review articles."*”” Therefore,
the replacement of liquid electrolytes with a solid-state electro-
lyte (SSE) to give an all solid-state battery (ASSB) remains the
key challenge to deliver this next leap in energy storage.® Such
batteries, when compared to traditional LIBs, offer the poten-
tial for increased safety, operate over a wider electrochemical
window, have increased thermal stability and are ideally stable
against Li metal, hence increasing energy density per cell.*
As a result, there is considerable interest in the identifi-
cation and optimisation of new solid state electrolyte
materials. However, many of these electrolytes, such as
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suggests that further consideration of site substitution be considered for other dopants.

LISICON, sulphides/glass and LiPON, are limited by either low
ionic conductivity or a poor electrochemical stability
window."*™"® Of these reports, the lithium containing garnet
type systems are one of the few which present with high
lithium ion conductivity (reportedly >107* S ecm™" %), a wide
electrochemical stability window and are chemically stable
against Li metal.”'>"”""® Hence these systems are attracting
considerable interest for use in ASSBs.

However, there still remain challenges for these garnet
systems, and so there continues to be interest in new doping
studies in these materials. In particular, there is a need to
further improve the ionic conductivity, as well as improve the
interface between the electrolyte and electrodes.”'®"?
Traditional garnet materials have the general formula
A3B,X3504,,%2°722 where the A, B, C cations are located in 8, 6,
4 coordinate sites respectively. In the Li containing garnets,
excess Li can be accommodated in interstitial sites, such that
the general formula of these can be classed as A;B,Liz., O, (0
< x < 4), so that the Li content can be varied between 3 (as in
LizLn;Te,04,), and 7 (as in Li;Las(Zr/Sn/Hf),0,,). Those
systems with <7 lithium atoms crystallise in a cubic structure
which has high Li-ion conductivity. In contrast, the stoichio-
metric Li,La(Zr/Sn/Hf),0;, systems crystallise in the less con-
ductive tetragonal phase, although doping to reduce the Li
content allows the formation of the cubic cell with enhanced
conductivity.

For cubic garnets, such as LisLazNb,O;, (LLNO), ionic
migration pathways have been attributed to two tetrahedral
sites bridged by a single face sharing octahedron. As the
lithium sites are not fully occupied in these systems, lithium

Dalton Trans., 2020, 49, 10349-10359 | 10349
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partially occupies the interstitial octahedral sites 48 h and
96 g, in a disordered fashion. This gives a disordered Li sublat-
tice and a migration pathway which leads to high ionic con-
ductivity via the Li" charge carrier, which is thought to follow
the hopping mechanism of 24 d - 96 h - 48 g - 96 h — 24
d, as determined by high temperature neutron diffraction
studies.”?

Of the wide variety of garnet systems, particular attention
has been afforded to Li;LazZr,0;, (LLZO). This stoichiometric
system is tetragonal at room temperature, with comparatively
low conductivity, and changes to a cubic cell at around 750° C;
this temperature can be reduced to 350 °C by doping at the Zr
site with Ce, leading to an increase in conductivity.”*
Stabilisation of the cubic cell at room temperature (c-LLZO)
requires a reduction of the lithium content, often using Al or
Ga substitution at the Li site."®*>® Dopants at the Zr site (e.g.
Nb, Ta*”?%) also can stabilise ¢-LLZO.

Although c¢-LLZO has been reported with conductivities
>107* S em™', these often require complex methodologies and/
or equipment, such as field assisted sintering, which presents
a barrier to commercial scalability.'®***° Consequently, the
majority of ¢-LLZO doping strategies lead to conductivities
~10"" S em™, or lower, and are suboptimal compared with
current LIB liquid electrolytes.*’*® Therefore, it is of interest
to investigate alternative doping strategies of other lithium
garnet systems, such as LisLazNb,0;, (LLNO). This system was
the first to show fast Li-ion conductivity, and outside of
detailed examinations of the lithium migration pathways, has
now been superseded by research on c-LLZ0O.***° However, of
the prior reports of doping into the LLNO system, many show
room temperature conductivities of ~10™* S cm™" and are thus
similar to c-LLZO.'**! Therefore, further doping studies on
the LLNO system are warranted. Herein we report an examin-
ation of Pr doping in this system. Pr was chosen because of its
ability to adopt different oxidation states (3+, 4+), and so
potential, based on size considerations, to dope onto either
the Nb or the La site according to the following formula
Lis,,LasNb,_,Pr,0,, (Pr*) and LisLa;_,Pr,Nb,O, (Pr’"). We
confirm this ambi-site substitutional ability of Pr, and illus-
trate in particular that Pr doping on the Nb site leads to
samples with high Li ion conductivity.

Methods

Synthesis

Liss,LazNb,_,Pr,O;, garnets were prepared via the solid-state
route from stochiometric quantities of Li,COs, La,03, Nb,Os
and PrgO,; under air. A 40% mol excess of lithium was added
to compensate for lithium loss during high temperature sinter-
ing. All powders were ball milled for 1 h (500 rpm) and heated
to 950 °C (16 hours). Impure phases (x > 0.25) were sub-
sequently ball milled with a 20% lithium mol excess and
heated to 950 °C (12 hours). Samples where x > 0.8 were syn-
thesised in a dry room with a dewpoint between —45 °C to
—64 °C (the elimination of humidity was found to be necessary
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to prepare good quality samples for these high Pr contents: it
is known that moisture can be an issue in the synthesis of Li
garnet systems).*>™**

LisLa;_,Pr,Nb,O;, was also prepared via the solid-state
route in either air or 5%H,/N,. Samples were heated to 950 °C
for 16 hours, cooled to room temperature and reheated to
950 °C for 16 hours. After synthesis, all samples were stored in
an argon glove box.

Characterisation

Samples were characterised by X-ray diffraction (XRD) using a
Bruker D8 diffractometer with Cu Ko radiation. Cell para-
meters were determined from Rietveld refinement using GSAS
II software.* In order to evaluate the Pr oxidation states X-ray
absorption near edge spectroscopy (XANES) data were recorded
at Diamond Light Source on beamline B18 and data inter-
preted via the Athena/Artemis software.*® Scanning electron
microscopy (SEM) was performed using a TM4000plus SEM,
with elemental compositions evaluated by the corresponding
AZtecOne EDX attachment. The Pr-LLNO garnet powders were
placed on carbon tape, attached to the SEM stub and evaluated
at 15 kV in back scattered electron mode.

Impedance spectroscopy

Pellets for conductivity measurements were prepared as
follows: 10 mm diameter pellets were uniaxially hot pressed
with an atlas heating platen to ca. 3 tonnes at 300 °C and, sub-
sequently, heated to 1000-1050 °C for 12 hours under dry N,
to densify the SSE membrane. During N, treatment sacrificial
powders were used to protect pellets from Li loss and to
prevent Al contamination from the Al,O; crucible. Pellets were
then polished, painted with gold electrodes and heated to
800 °C for 1 hour in air to cure the Au paste. The pellets were
then quenched from 700 °C to limit any H'/Li" on cooling, as
has been shown to occur for garnet samples at lower tempera-
tures in air.”®*” A.C. impedance spectroscopy data were col-
lected during heating over a temperature range of 50 °C to
250 °C (with 16 measurements taken), using a Hewlett Packard
4192A instrument. Data for the most conductive phases (~10~*
S em ™) were also measured at room temperature. All measure-
ments were conducted in air.

Results and discussion
Praseodymium doping on the Nb Site: Lis,,La;Nb,_,Pr,0;,

The powder XRD patterns for Lis,,LazNb, ,Pr,05, (0 < x > 1)
are shown in Fig. 1, illustrating pure garnet samples across the
range. All patterns could be indexed based on a cubic garnet
with space group Ia3d (no. 230).>*?%%° Phases where x > 0.25
initially demonstrated Pr,O; and La,O; impurity phases which
were overcome by addition of 20% excess lithium and reheat-
ing. Phases where x > 0.8 showed decreased conductivity (see
later), hence the synthesis method was not undertaken past x
= 1. The colour of the samples became increasingly yellow as a
function of Pr content, which is attributed to the presence of

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0dt01497d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 May 2020. Downloaded on 2/18/2022 10:37:22 AM.

(cc)

Dalton Transactions

—x=1
TJ_QM_LLL_‘_AL x=o8
E‘TA
£ :
5 1 AUUJL_J | Y AV i
=
& 4] . \i‘ . x=05
> 1T AL L L | SN VY NN
=
S ] x=025
Q -
£ ] ‘
E—)L‘;_LDMJLLMJ 5 I, e
] D T O e
Jl N K
T . T h T ki T b T ® T ¥ 1
20 30 40 50 60 70 80

20

Fig. 1 Powder XRD patterns for Lis,,LasNb,_,Pr,O5, (0 < x > 1) syn-
thesised in air, showing the formation of single phase garnet samples
across the range.
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Fig. 2 Cell parameters vs. Pr content for Lis, LazNb,_,Pr,O>.

Pr**, which is commonly believed to be responsible for the
colour in the yellow pigment Pr-ZrSiO, (although some debate
persists behind the chemistry of Pr-ZrSiO,).**>°
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Rietveld refinements, based on the structural model from
Cussen®® showed a linear increase in lattice parameters with increas-
ing Pr content (Fig. 2 and Table 1), in agreement with Vegard’s law
and so confirming the solid solution range. This increase is due to
the larger ionic radius of Pr*" compared to Nb>".***"*! The refined
Pr occupancies on the Nb site were similar to the expected stoichio-
metric ratio across the series, however, did deviate slightly from the
ideal ratio as the Pr content increased, see Table 1.

In order to try to confirm the Pr oxidation state, X-ray absorp-
tion near edge spectroscopy (XANES) data were collected for the
Liss,LazsNb, ,Pr,Oy, systems. However, the La L2 edge of La
(~5897 eV) interfered with the Pr L3 edge (~5968 eV) to some
degree. Nevertheless, when compared to the Pr*" and Pr'" refer-
ence (Pr,0; and BaPrO; respectively), the peaks are qualitatively
characteristic of Pr'", see Fig. 3. These data show a peak at 5973 eV
with a shoulder at 5980 eV, which closely matches the Pr**
(BaPrO;) reference (Fig. 3) and can be assigned to Pr**. Further
support for the assignment of Pr'" in the LissLasNbysPros0q,
samples is provided by comparison with ProsCeos0,, a Pr*" refer-
ence used elsewhere,”>** which shows peaks at 5970 and 5980 eV.

Therefore, considering the XRD, XANES and refinement
data, there is compelling evidence that Pr*" has been doped
into the LLNO structure at the Nb site (16a).

SEM and EDX

SEM and EDX on a singular grain of LissLazNb; sPrg 504,
demonstrated uniform Pr presence (in the expected stoichio-
metric ratio) when compared to La, Nb and O. However, for Pr
(x) contents >0.5 Al contamination from the Al,O; crucible
became increasingly apparent®® (Fig. 4).

Praseodymium doping on the La site (Pr**): Li;La;_,Pr,Nb,0;,

The successful synthesis of LisLa;_,Pr,Nb,O;, garnets in air
was limited to samples in the range 0 < x < 1. In contrast syn-
thesis under 5%H,/N, permitted a complete solid solution
range for the replacement of La with Pr, 0 < x < 3. Both XRD
patterns for air prepared samples (0 < x < 1) and 5%H, pre-
pared samples (0 < x < 3) could be indexed on a cubic garnet
cell with space group Ia3d (no. 230);>*?%*° see Fig. 5 and 8
respectively. In some cases, particularly for the air-based syn-
thesis, a small amount of Li;NbO, impurity was observed

marked in the respective figures (also see ESIT).

Table 1 Pellet and conductivity data in addition to lattice parameters for Lis,xLazNb,_,Pr,O1, samples which were uniaxially hot pressed. The

Arrhenius plot x = 1 was not linear, hence no activation energy available

Pellet Refined Pr fractional site
Hot pressed density density Relative Lattice occupancies on the Conductivity Activation
samples (gem™) (gem™) density (%) parameters (A) Nb site (50 °C) (Sem™) energy (eV)
LLNO reference®” — 5.259 — 12.79432 ~x107°
LLNO 4.52 5.248 86 12.7880(3) 43x107° 0.32
x=0.1 4.32 5.284 82 12.8066(3) 0.0649 5.6 x 107> 0.28
x=0.25 4.50 5.300 85 12.8410(4) 0.1265 7.3x107° 0.32
x=0.5 4.33 5.321 81 12.9048(3) 0.2568 1.6 x107* 0.29
x=0.75 4.72 5.361 88 12.9527(3) 0.3876 3.4x107* 0.37
x=0.8 4.53 5.358 85 12.9741(5) 0.4179 5.6 x107* 0.36
x=1 3.50 5.366 65 13.0269(4) 0.5160 1.9x107* —

This journal is © The Royal Society of Chemistry 2020
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LisLas;_,Pr,Nb,O;, samples prepared in air demonstrated
an increasingly straw yellow/brown colour, which was distinctly
different from the colour of the Lis,,La;Nb,_,Pr,0;, samples
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Fig. 5 The powder XRD patterns for LisLaz_,Pr,Nb,O;, (0 < x < 1.5)
synthesised in air. Phase pure samples are shown up to x = 1, but all
show garnet type symmetry. LizNbO, impurity marked by arrow. See
ESIT for expanded XRD pattern.

discussed earlier. Cell parameters determined from Rietveld
refinement indicated the expected decrease with increasing Pr
content (due to the smaller size of Pr** versus La*") (Fig. 6) and

f 10pm !

f 10um !

Tom.

Toum

Fig. 4 SEM image and EDX map of elemental distribution in Lis sLazNb; sPrg s015. Scale bar at 10 pm in all images.
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were similar to the results for equivalent LisLa;_,Pr,Nb,O;,
phases synthesised under 5%H, (discussed below). The pres-
ence of the LizNbO, impurity in the air synthesised
samples may suggest Nb site vacancies in the LLNO structure
which have been filled by Pr**, which could account for the
yellow powder colour. It could also be the case the Pr'" is
located on the La site. Therefore, these data suggest that there
may be some partitioning of the Pr over both sites however,
more work is needed to confirm whether this is so and to what
extent.

In order to confirm the oxidation state of Pr in these
samples, XANES data were collected on both x = 0.5 and 1,
however, as outlined previously, in all cases the La L2 edge
interfered somewhat with the Pr L3 edge. Nevertheless, the
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Fig. 8 The powder XRD patterns of LisLaz_xPry,Nb,O1, (0 < x < 3) pre-
pared in a reducing atmosphere (5%H,). Phase pure samples with garnet
type symmetry were obtained for all. For the small LizNbO3z impurity see
ESIT for expanded XRD pattern.
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Fig. 9 Cell parameters vs. Pr content for 5%H, based synthesis of
Li5La3_XPrXNb2012.
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XANES spectra of the LisLa, ;Pr,sNb,O;, phase, which was
prepared in air, does demonstrate characteristics of the Pr**
reference (which would be consistent with presence of Pr*" on
either the Nb or La site), such as the peak broadness and the
shoulder noted at 5982 eV, however the main peak appears to
be positioned in line with the Pr,0; reference at 5969 eV, con-
sistent with mainly La site substitution, see Fig. 7a.
However, the XANES spectra of the higher Pr content
phase, LisLa,Pr;Nb,O;,, possesses only an absorption
peak which is consistent with the Pr** reference at 5970 eV,
Fig. 7b. Therefore, these spectra are somewhat contradictory
but indicate, potentially, the presence of Pr in different oxi-
dation states for x = 0.5, but not when x = 1 where only Pr*" is
seen.

The colours of the 5%H, synthesised garnets were increas-
ingly vibrant green as the Pr content was increased, which
indicates the presence of Pr’*. Cell parameters determined
from Rietveld refinement show a linear decrease with increas-
ing Pr content, consistent with the smaller ionic radius of Pr**
compared to La**, see Fig. 9. Despite the interference from the
La L2 edge, the XANES data for these garnets are somewhat
clearer than those derived from the Lis,LazNb,_,Pr,O4,
phases (Fig. 10a and b). The 5%H, prepared samples show a
clear correlation with the Pr*" reference (Pr,0;) in terms of
peak intensity and characteristics, in both x = 0.5 and 1. Each
phase has a strong absorption peak noted at 5970 eV, charac-
teristic of Pr**, which matches both the Pr,0O; reference and
other Pr’* references used elsewhere.”> When the Pr content is
increased to x = 1, only increased absorbance occurs, as
expected, but the peak characteristics remain unchanged.
Hence, the characterisation data support the conclusion that
only Pr** is present, and the different characteristics of the x =
0.5 phase prepared in air are unique to the synthesis method,
as seen in the XANES data.

The XANES and XRD data for the H, synthesised samples
therefore support the conclusion that Pr’* has successfully
been doped into the LLNO structure at the La site (24c).

SEM and EDX

SEM/EDX data for LisLaz;_,Pr,Nb,O;, garnets, synthesised in
air or H,, showed uniform elemental distribution throughout
the analysed grains, and have similar grain characteristics, see
Fig. 11 and 12 respectively. The data for both air and H, syn-
thesised samples demonstrated Pr and La present in the
expected ratio. Hence EDX data supports the stoichiometric
incorporation. However, the air synthesised samples did show
some aluminium contamination, see Fig. 11, attributed to a
reaction with the Al,O; crucible.

Conductivity data for Nb site substitution:
Lis.LazNb,_.Pr,O;,

Lithium ion conductivity was evaluated via impedance spec-
troscopy (a typical Nyquist impedance plot is shown in
Fig. 13). A single non ideal semicircle was observed. A
resistor, R1, in parallel with a constant phase element, CPE1,

10354 | Dalton Trans., 2020, 49, 10349-10359
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the Pr,Oz (Pr**) reference. (b) XANES spectrum for LisLa,Pr;Nb,O;, (5%
H,) compared to the Pr,Os (Pr¥*) reference.

were used to fit the semicircle, and an inductor, L1, in series
with R1/CPE1 was used to account for the inductance effect
due to the limitations of the HP impedance spectroscopy
equipment.

A characteristic spike relative to the semi-circle is present in
all plots. This is attributed to a sample - electrode double layer
effect. This spike represents the Li-ion transfer resistance
between the garnet electrolyte and the Au electrode and
corresponds to the capacitive behaviour of the gold
electrodes which block Li-ion diffusion. As the semi-circle and
tail were obtained in high and low frequency regions respect-
ively it can be considered that conduction is primarily ionic in
nature.?*

The ionic conductivity of the Lis,,LasNb,_,Pr,0;, samples
increased in line with increased Pr and hence lithium content
(Fig. 14). The highest ionic conductivity of 5.6 x 10™* S em™" at
50 °C was observed for x = 0.8, with a measured conductivity
of 41 x 107" S em™" at 21 °C. See Table 1 and Fig. 14. These

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0dt01497d

Open Access Article. Published on 29 May 2020. Downloaded on 2/18/2022 10:37:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

I 10um \

f 10um !

15kV 9.3mm x1.50k BSE H

O Kal

View Article Online

Paper

10um

10pm

15kV 9.3mm x2.00k BSE H

20.0pm

Fig. 11 SEM images and EDX map of elemental distribution in LisLa,Pr;Nb,O3, (air). The presence of Al in this air synthesised sample is attributed to
partial substitution onto the Li site. Al incorporation is often apparent in higher lithium content systems, and so this may support the postulation that
there is some Pr** partitioning onto the Nb>* site in the air synthesised LisLaz_xPr,Nb,O;, samples. The corresponding H, synthesised sample,
where only La site substitution is believed to occur, showed no Al contamination.

conductivity values represent some of the highest ever reported
for garnets with Li content <6 per formula unit.

Higher content Pr phases (x > 0.75) were, however, prone to
degradation during the high temperature densification treat-
ment under N,, resulting in small Pr,0;, La,0; and PrNbsO,
impurities. In particular the XRD patterns for the x = 1 sample
after N, sintering showed a more severe phase degradation.
This degradation most likely accounts for the low relative
pellet density of this sample and the resultant lower conduc-
tivity associated with this phase, as well as the non-linear
temperature dependence of the Arrhenius plot, see Table 1
and ESLt{ Consequently, further studies of samples with
higher Pr contents, x > 1, were not performed (see ESIf for
comparative XRD patterns before and after sintering
treatments).

The activation energies for all samples (Fig. 14) ranged
between 0.24-0.38 eV, which are similar to reports for other
garnets, see Table 1.>%*

This journal is © The Royal Society of Chemistry 2020

Conductivity data for La site substitution: LisLaz;_,Pr,Nb,O;,

All samples where Pr was doped on the La site showed similar
conductivities to LLNO consistent with no change in Li
content for this series. A typical Nyquist plot is displayed in
Fig. 15a and b for air-based and H, synthesis respectively.
These plots were fitted to two R/CPE components, representa-
tive of overlapping bulk and grain boundary resistance.

It was noted earlier that in the air synthesis samples, there
may be some small level of Pr'" substitution on the Nb site,
which would be expected to give a small increase in Li content
and hence conductivity. This was not observed, however these
pellets proved difficult to densify, hence present with much
lower relative densities than the corresponding undoped LLNO
pellet. The influence of the poorer sintering may therefore
mask any increase in conductivity from any Nb site substi-
tution. Activation energies are similar to other reported
garnets, see Table 2 and Fig. 16.>">*
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Fig. 12 SEM images and EDX map of elemental distribution in LisLa; sPry sNb,O15 (H,). Since there is no increased Li content for Pr** doping on the
La** site, therefore there is a decreased chance of Al exchange, hence no contamination from the alumina crucible is present.
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Fig. 15 (a) Nyquist impedance plot for LisLas_,Pr,Nb,O;, at 130 °C for

air-based synthesis. The fitted equivalent circuit is in the top left. R, and
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impedance plot for LisLaz_xPryNb,O;, at 130 °C for H, synthesis. The
fitted equivalent circuit is in the top left. R, and Ry, relate to bulk and
grain boundary resistivity respectively.

The H, synthesised samples showed similar conductivities
for all samples, with a small peak in the conductivity of the
series (1.7 x 107> S em™" (50 °C)) for x = 0.5, see Fig. 17 for
Arrhenius plots. Activation energies fall within the 0.3-0.4 eV
range, hence are similar to reports for other garnets, see
Table 3.°"°*

Samples with Pr doping at the La site showed far lower den-
sities than the samples with Pr doping on the Nb site (see
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Fig. 17 Arrhenius plots for LisLaz_xPryNb,O;, samples under H; (x =
0-3). The deviation from linearity at lower temperature for the x = 0.5
sample is attributed to partial water incorporation and subsequent loss
on heating.

Tables 1-3). Hence Pr doping on the Nb site appears to also
enhance the sintering compared to Pr doping on the La site,
which may be related to the higher lithium content in these
Lis+,LasNb,_,Pr,O;, systems.

Table 2 Pellet and conductivity data in addition to lattice parameters for LisLas_,Pr,Nb,O;, samples synthesised in air

Pellet density (g Refined density (g Relative density  Lattice parameters ~Conductivity at 50 °C (S Activation energy
Sample cm™) em™) (%) (A) em™) 50-210 °C (eV)
LLNO 4.52 5.248 86 12.7880(3) 43%x107° 0.32
x=0.5 3.08 5.289 58 12.7701(3) 9.3x107° 0.25
x=1 3.21 5.317 60 12.7481(3) 6.9x107° 0.28

This journal is © The Royal Society of Chemistry 2020
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Table 3 Pellet and conductivity data in addition to lattice parameters for LisLaz_,Pr,Nb,O;, samples synthesised under H;

Pellet density Refined density Relative Lattice Conductivity at 50 °C Activation energy

Sample (gem™) (gem™) density (%) parameters (A) (Sem™) 50-210 °C (eV)
LLNO reference® 5.259 — 12.79432 ~x107°

LLNO synthesized 4.52 5.248 86 12.7880(3) 43x107° 0.32

x=0.5 3.87 5.286 73 12.7727(3) 1.7x107° 0.31

x=1 3.40 5.316 64 12.7490(2) 9.2x107° 0.38

x=1.5 3.47 5.346 65 12.7250(5) 6.0 x107° 0.35

x=2 3.91 5.373 73 12.7032(3) 11x107° 0.40

x=2.5 3.72 5.407 69 12.6769(3) 8.1x107° 0.38

x=3 4.01 5.435 74 12.6548(5) 4.9x107° 0.32

Conclusions

In summary, we have shown for the first time a dopant (Pr)
that can be substituted onto both the La and Nb site in
LisLazNb,O,,. Furthermore, the oxidation state of the Pr is dic-
tated by the site substitution; +3 on the La site, and +4 on the
Nb site. Due to the resultant increase in Li content for Nb site
substitution, a significant increase in conductivity is observed.
These Lis,LazNb,_,Pr,0,, samples show some of the highest
conductivities for garnets with Li contents less than 6, with
values up to 0.56 mS cm™" (at 50 °C) for x = 0.8. A final point
of note, Pr doped phases at the Nb site (x < 0.25) were a
vibrant yellow, with a vibrant green colour obtained from H,
based synthesis of Lis,,LazNb,_,Pr,O,, garnets when x > 2.5.
Hence the optical properties of these garnets may merit
further investigation, especially with respect to potential inter-
est as pigments (see ESIt), however the effect of moisture on
the Pr oxidation states, and therefore the sample colour,
requires further investigation. It may also be of interest to
study the optical properties of these Pr garnets under U.V.
light.
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Water based synthesis of highly conductive
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Next generation lithium ion batteries are envisaged as those which feature an all solid-state architecture.
This will enable the higher energy density storage required to meet the demands of modern society,
especially for the growing electric vehicle market. Solid state batteries have, however, proved troublesome
to implement commercially due to the lack of a suitable solid-state electrolyte, which needs to be highly
conductive, have a low interfacial resistance and a suitably wide electrochemical stability window. Garnet
materials are potential contenders for these batteries, demonstrating many of the desired properties,
although there remain challenges to overcome. Here we report a facile synthesis of Li;LazHf,O1, and Ga/
Al Li;_sLazHf,01, garnets, with the synthesis of Gag,Lig 4LazHf,O45 requiring only dissolution of precur-
sors in water and heating to 700 °C. Gag,lig 4LazHf>0O1, was shown to display a high room temperature
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conductivity (0.373 mS cm™ at 28 °C). Moreover, in Lilgarnet|Li cells, we observed a comparable critical
current density compared to Gag,Laig 4LazZr,O1,, despite a lower density and higher area specific resis-
tance compared to literature values, suggesting Hf systems may be further engineered to deliver
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Introduction

High energy density secondary lithium ion batteries (LIB) with
lithium metal anodes remain the goal of LIB based energy
storage research. Li metal has the highest theoretical capacity
(3860 mA h g™') and the lowest electrochemical potential
(—3.04 V vs. the standard hydrogen electrode) of all possible
anode materials.””> However, modern day LIBs use liquid-
based electrolytes that enable propagation of lithium den-
drites, and so pose significant safety concerns with the use of
a Li metal anode.” Despite intensive research to prevent den-
dritic growth," ' a practical solution to eliminate this issue
remains elusive. Furthermore, these electrolytes are flam-
mable, toxic, non-renewable and often have a limited electro-
chemical window (preventing use of high V cathode materials),
hence they are not ideal for the high energy demands of
modern-day society.>*
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2364 | Dalton Trans., 2021, 50, 2364-2374

additional improvements for use in future solid state batteries.

Overcoming these issues in LIBs can potentially be solved
by new battery architectures which negate the need of a liquid
electrolyte, such as an all solid-state battery (ASSB). The solid-
state electrolyte (SSE) in such batteries in theory should block
dendrite growth, and can be non-flammable and non-toxic.
Therefore ASSBs are often described as the next major leap in
LIB based energy storage."®

There have been numerous reports of solid state electrolytes
showing Li ion conductivity. However, many of these potential
LIB electrolytes, such as LISICON, LiPON and sulphides/glass,
are limited by either low ionic conductivity or poor electro-
chemical stability.'"®™® Of these materials, the lithium garnet
type systems have good conductivity (0.1-1 mS cm™') to
approach conventional LIB electrolytes and also have a wide
electrochemical stability window. However, these materials do
suffer from poor interfacial contact at the solid-solid interface
and an issue of dendritic growth along the grain boundaries
between particles.’”?°® Hence, although garnet materials are
promising SSEs for ASSBs, more work is required before they
find a practical use as an energy storage system.

A traditional garnet material has the general formula
A3B,X304, (e.g. A = Mg, Fe, B = Al, Cr, Fe, and X = Si, Fe, Al,
Ga).'”*"7*° Replacement of the X site with Li yields a lithium
garnet system such as LizLnzW,0;,, with lithium fully
occupying the tetrahedral (24d) site. Further modification by

This journal is © The Royal Society of Chemistry 2021
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changing the A, B cations, e.g. La (A) and Nb, Zr, Hf (B),
enables increased lithium content to maintain charge neu-
trality, with partial lithium occupation of the octahedral inter-
stitial sites 96h and 48g.>>*' Garnets with <7 lithium atoms
per formula unit (pfu) can be indexed on a cubic cell with
space group Ia3d (no. 230) or in the case of Ga,Li,_3,La3Zr,04,
with <3 La pfu, potentially, /43d.>*>* When the lithium
content is increased to 7 atoms pfu, the upper limit, lithium
ordering occurs with full occupancy of the octahedral and
tetrahedral sites. This cation ordering is necessary to prevent
short Li-Li distances and it leads to a reduction of the sym-
metry from a cubic to a tetragonal cell (/4,/acd, no. 142), which
reduces conductivity by two orders of magnitude, as the
migration mechanism is based upon the need for vacant inter-
stitial sites.

For cubic garnets, such as Lig4Gag,LasZr,04,, ionic
migration pathways have been attributed to two tetrahedral
sites bridged by a single face sharing octahedron. As lithium
partially occupies the interstitial sites, this gives a disordered
Li sublattice and a migration pathway which affords ionic con-
ductivity via the Li" charge carrier, which is thought to follow
the hopping mechanism of 24 d - 96 h - 48 g - 96 h — 24
d, as determined by high temperature neutron diffraction and
high resolution nuclear magnetic resonance,*>>® albeit some
debate persists as to the exact hopping path.

While highly conducting lithium garnet materials have now
been known for some time,”” current synthesis routes for
these highly conducting garnets (ionic conductivity >0.1 mS
em™') are time consuming, energy demanding and require
complex procedures, such as field assisted sintering, to enable
high enough densities to give high conductivities, as is the
situation for the most conductive system Gag 15Lig 55La3Z1,01,
(Gag15-LLZO).>*?%3° Hence a need arises to find a more suit-
able synthesis strategy for industrialisation which reduces the
synthesis and sintering temperature. This will reduce the pro-
duction costs, and will also help prevent Li*/AI** exchange
from alumina crucibles, which can be detrimental to conduc-
tivity if not correctly controlled.*®

Critical current density (CCD), defined as the current
density at which lithium dendrites form and short circuit a
cell, is another major concern for solid state batteries. High
CCDs are dependent on a SSE achieving a high enough density
to resist dendrite formation as well as a low area specific resis-
tance (ASR) at the garnet/Li interface. It has been shown that
garnet systems such as Ga, 15-LLZO form dendrites at current
densities as low as ~0.16 mA cm > (~95% relative density, ASR
of 16.7 Q ecm?).>' CCD can be increased to 2.8 mA cm > when
employing single crystal Gag ,-LLZO with an ASR of 13 Q cm?,
but this was demonstrated to be the natural CCD limit for
Ga, ,-LLZO, and unfortunately it is impractical to form single
crystal garnets on a large scale to be employed in solid state
batteries.*"

CCDs have been further improved with a variety of
additional interlayers, high pressures and in mixed SSE
systems.”>*® However, investigations of other systems are
required which have increased CCDs intrinsic to their natural

This journal is © The Royal Society of Chemistry 2021
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form. Of the garnet systems, much attention has been paid to
the Li,_3M,LasZr,0,, (M = Al/Ga), however less so to the Hf
analogue. This is despite computational studies that indicate
Hf based garnets may have increased electrochemical stability
over LLZO garnets, while also having been experimentally
shown to have increased stability with respect to carbon-
related decomposition during battery charging.**™*®

Herein we report the first synthesis of cubic
Lis 4Gay ,LazHf,04, (Ga-LLHO) an attractive alternative to Ga-
LLZO. Ga-LLHO is shown to be not only highly conductive but
can be synthesised at only 700 °C. Additionally, an investi-
gation into the electrochemical properties of Ga-LLHO is
reported with respect to CCD and cycling stability, both of
which show promising results in comparison to Ga-LLZO.
Conventional SSE densification processes were used with the
results demonstrating a total conductivity of 1.04 mS em™" at
63 °C. The synthesis of tetragonal Li;La;Hf,0;, (t-LLHO) and
Alj ,5-LLHO (AI-LLHO) is also reported by the same method,
however the conductivity is lower and higher temperatures and
increased dopant ratios are required to form the cubic Al-
LLHO phase.

Methods

Stoichiometric quantities of La(NOs);, Cl,HfO-8H,0, Ga
(NO3)3-8H,0, Al(NO3);3-9H,0 and LiNO; were added to ~10 ml
of distilled water separately, waiting for each to dissolve before
the next powder was added. A 10% mol excess of Li was added
to account for lithium volatility. Ga(NO3);-8H,0 was assumed
octahydrate as based on work here.*” The water was heated to
80 °C and constantly stirred. After approximately 1 h of stir-
ring, the stirrer bar was removed, and the solution (total
volume ~10 ml) heated to 350 °C for 1 hour (0.5 °C min™") in
a fume hood to remove the nitrate content. The product was
stored ~100 °C to prevent the atmospheric moisture absorp-
tion which occurs once the nitrates are removed; if not stored
in this manner the white powder will form a paste like
material within 10 min. The product was ground rapidly (to
avoid cooling) and placed in a preheated furnace at 100 °C and
heated to 700 °C for 12 hours (5 °C min™"). The product was
subsequently ball milled (500 rpm, 1 hour, 10 mm ZrO, balls)
with a further 15-20 wt% Li excess and reheated to 700 °C-
950 °C. This yielded phase pure t-LLHO, Ga,,LissLazHf,01,
(Ga-LLHO) and Al 5L 16LasHf,0;, (AI-LLHO). Lower Ga con-
tents, e.g. Gag 15Li 55La3Hf,04, (Gag15-LLHO), were shown not
to lead to formation of the desired pure cubic phase, but
rather a mixed cubic/tetragonal system with impurities (see
ESIt).

Characterisation

All samples were stored in an argon glove box to prevent
proton-Li exchange in the garnet.*® Scanning electron
microscopy (SEM) was performed on a Hitachi TM4000plus
instrument, with the elemental distribution confirmed by the
corresponding AZtecOne energy dispersive X-ray (EDX) attach-
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ment. Samples were prepared by applying the powders to a
carbon tape and analysed at 15 kV in backscattered electron
mode. Pellets were also examined in this manner, which were
polished with silicon carbide sandpaper from 800 to 4000 grit
to form a flat surface. Elemental composition was also ana-
lysed via XRF (Bruker Tiger XRF X8), where powders/pellets
were placed on mylar film, in a plastic XRF sample cup and
examined under He atmosphere. Phase analysis was per-
formed by X-ray diffraction (XRD) using a Bruker D8 diffract-
ometer with Cu source. Experimental pellet densities were
determined and compared to theoretical values from Rietveld
refinement results (performed using GSAS II software*?).

Impedance spectroscopy

Samples for Electrochemical impedance spectroscopy (EIS)
were prepared as follows: approx. 10 mm diameter pellets were
pressed to ca. 3 tonnes and, subsequently, heated to 1100 °C
for 12 hours under dry N, or O, (1.6 °C min™"). In both cases
sacrificial powders were used to protect pellets from Al con-
tamination via the Al,O; crucible and to prevent Li loss
(pellets were thermally etched in a similar manner for SEM
images). After sintering, the pellets were polished, painted
with gold electrodes and heated to 800 °C for 1 hour in air to
cure the Au paste. The pellets were then air quenched to room
temperature from >700 °C (to limit H/Li exchange).>**° A.C.
impedance measurements were taken from 5 Hz to 13 MHz
using a Hewlett Packard 4192A LF instrument with a 100 mV
applied potential from 50-250 °C. Room temperature impe-
dance data were evaluated with a Solartron 1260 impedance
analyser from 1 Hz to 10 MHz with a 100 mV potential.

Cell assembly

All cell tests were performed on biologic VMP3 and SP50
instruments. Li|Ga-LLHO|Li symmetric cells were assembled
in an Ar glove box. Firstly, the pellets (~1 mm thickness) were
polished using silicon carbide sandpaper from 800 to
4000 grit, then lithium metal foil was applied to each side of
the pellet. The cell was then heated to 175 °C under a constant
pressure for 1 h and secured within a Swagelok cell. Cells were
examined via impedance spectroscopy before (and after) cell
testing from 10 MHz to 0.1 Hz with a 10 mV potential on a
Solartron 1260 impedance analyser. These symmetric cells
were then cycled under constant current conditions at various
current densities to assess cycling stability at room tempera-
ture on an open lab bench (between 10-20 °C throughout the
day) and at a constant temperature (60 °C). Cells were also
cycled with increasing current density, in increments of 10 pA
em ™2, until a short circuit formed to assess CCD at room temp-
erature on an open lab bench.

Au|Ga-LLHO|Li cells, for cyclic voltammetry (C.V.), were
formed by polishing a Ga-LLHO pellet as above and hand
pressing the pellet into Li foil in an Ar glovebox. The cell was
placed in a Swagelok cell with Au foil as the working electrode.
Cyclic voltammetry was subsequently run from —0.4 to 5 V at a

scan rate of 1 mvV s ..
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Results and discussion

X-Ray diffraction results

The powder XRD patterns of t-LLHO, Ga-LLHO, and AI-LLHO
are shown in Fig. 1. All patterns could be indexed on a tetra-
gonal (I,;/acd) and cubic (Ia3d) garnet cell for t-LLHO and Al/
Ga-LLHO respectively. After dissolution of the precursors and
completion of the first 700° C heating cycle, a small La,0;
impurity was present in addition to an unknown phase, these
were overcome by addition of a 15-20 wt% Li excess and a
further 700 °C heating cycle. This yielded phase pure t-LLHO
and Ga-LLHO. AI-LLHO was prepared similarly, but a higher
temperature, further Li excess and increased dopant ratios
were needed after the 700 °C stage (950 °C, 14 h) to form the
cubic phase, see Table 1. This suggests increased favourability
for the formation of the Ga-LLHO and t-LLHO systems in com-
parison to Al-LLHO. See ESIT for XRD data at different
temperatures.

The phase pure XRD patterns of t-LLHO, see Fig. 1, demon-
strated peak splitting consistent with the expected reduction
in symmetry from a cubic cell to a tetragonal cell. The lattice
parameters obtained via Rietveld refinements correspond well
to the structural model by Awaka et al.,>" see Table 1. The c/a
cell ratio of t-LLHO is c/a = 0.9650, which is similar to the ratio
of tetragonal LLZO (0.9641).>>

While the facile synthesis of undoped tetragonal LLHO and
Ga doped cubic LLHO were readily achieved, synthesis of the
corresponding Al doped LLHO proved more challenging,
requiring reheating numerous times to higher temperatures
(950 °C). For AI-LLHO, Aly,s pfu was required but this still
demonstrated broad peaks likely masking a tetragonal com-
ponent, see ESIt for details on synthesis steps of this phase.

Ga-LLHO has not been investigated prior, hence reference
data are not available, however the pattern corresponds well to
the cubic doped LLHO patterns reported by Baklanova® (Al

| —— ALLLHO

‘ Ga-LLHO

J;JJLLU@_@JJ_@J 9

T d T T T T T ¥ T T T T 1
20 30 40 50 60 70 80

20
Flg 1 Powder XRD patterns of Alo_zsLi6_16L33Hf2012, Gao_zLi6_4La3Hf2012

and LisLasHf,04, synthesised by the dissolution method at 700 °C (Ga-
LLHO and LLHO) and 950 °C (Al-LLHO).

l

1

Intensity (arb. units)
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Table 1 Comparison of LLHO phases and cell parameters; and relative
densities of pellets. Example refinement data available in the ESI{

Lattice Lattice

Quantity of parameters parameters Prel
Samples dopant (@) (&) (©) (&) (%)
t-LLHO — 13.1056 12.6303 —
(Lit)**
t-LLHO — 13.1097(13) 12.6513(11) 60
Ga-LLHO 0.2 12.9663(2) 87
Al-LLHO 0.28 12.9820(1) 88

doped) and Hamao®? (Ta doped). From past work on the analo-
gous Ga-LLZO garnets, two possible cubic space groups have
been proposed, with reports that this phase may potentially
crystallise with the acentric cubic space group I43d rather than
Ia3d.*>** As the XRD patterns do not demonstrate any
additional peaks which correspond to the 143d space group it
is assumed the Ga-LLHO garnets possess Ia3d type symmetry,
although more detailed neutron diffraction studies would be
required to add further confirmation. Attempts to lower the Ga
content and so prepare Ga,q5-LLHO were also performed,
however this did not yield a pure garnet at any temperature,
see ESIi and so Ga,,-LLHO appears to be the lowest Ga
content to stabilise the cubic garnet phase.

The dissolution method was also investigated with co-
doping Ga (Li site) and Ce (Hf site), Pr (Hf site) and La replace-
ment with Nd, Eu, Gd and Er, with only Nd-LLHO showing
some promise, while all others were either impure or did not
form the garnet phase (see ESIT). Therefore, it would appear
that the Ga-LLHO phase produced via this method is consider-
ably easier to form, with t-LLHO also being formed ~260 °C
below prior reports by Awaka et al.” for the tetragonal modifi-
cation. The synthesis conditions for AI-LLHO, although requir-
ing higher temperatures using this method, are still ~200 °C
below previous reports of doped LLHO and with shorter
heating times.*®>* Furthermore, this method can also be
applied to other garnet systems, with Li;La;Zr,0;, having been
successfully made via this route (see ESIf).

XRF, SEM (EDX) results

SEM and EDX images of Ga-LLHO synthesised phases are
shown in Fig. 2, with SEM/EDX results for other samples
found in the ESLT All phases demonstrate a uniform distri-
bution of elements across all examined grains, indicative of a
phase pure sample. In all cases, a small but notable presence
of Cl is detected, while other elements are present in expected
quantities. No Al emission signals were detected. To further
confirm CI presence and lack of Al contamination, X-ray fluo-
rescence spectroscopy (XRF) was employed. In accordance with
the EDX results, in all LLHO phases <1% Cl content was
detected by XRF. Furthermore, no Al content was detected by
XRF in LLHO or Ga-LLHO, despite no attempt being made to
provide protection from the alumina crucible. This is most
likely due to the low temperature synthesis preventing the Li'/
AI’* exchange, demonstrating another benefit of this synthesis

This journal is © The Royal Society of Chemistry 2021
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route. The presence of Cl in the sample can most likely be
explained as being from the hafnium oxychloride starting
material.

In order to confirm whether Cl was indeed present in the
structure, Cl was added to the oxygen site during Rietveld
refinement, and the results suggested a small amount of Cl
present after the 700 °C synthesis of t-LLHO. A fractional Cl
occupancy of 0.0369 on the 32 g O(1) was present, hence
suggesting a Cl content of 0.148 pfu for t-LLHO. The t-LLHO
garnets have slightly larger a and ¢ axis dimensions to those
reported elsewhere, which is consistent with this small degree
of Cl incorporation, see Table 1. Addition of Cl to more than
one site did not yield a stable refinement.

Although the addition of CI to the structure refinements for
the AI-LLHO samples gave unstable results, a small amount of
Cl was found to be present in Rietveld refinements for the Ga-
LLHO phase (Cl occupancy of O site = 0.0163), thus indicating
a Cl content of 0.1956 pfu. Further work would be needed to
accurately ascertain Cl content and the degree to which this
occurs in the structure, as the level of incorporation is uncon-
trolled during the reaction.

However, analysis via XRF and EDX of garnet pellets after
densification under N, showed Cl was removed, hence CI
incorporation may well be beneficial to formation of the LLHO
phases but is unrelated to conductivity or the cell testing data
below, see Fig. 3. No Al contamination was detected after
pelletisation.

Conductivity measurements

The lithium ion conductivity of the garnets was evaluated via
impedance spectroscopy. Nyquist impedance plots for t-LLHO
and the dopant phases are shown in Fig. 4. A characteristic
spike relative to the semi-circle is present in all plots and is
attributed to charging of the electrolyte-electrode interface.
This spike represents the Li-ion transfer resistance between
the garnet electrolyte and the Au electrode and corresponds to
the capacitive behaviour of the gold electrodes which block Li-
ion diffusion. The observed semi-circles and tail were
obtained in high and low frequency regions respectively, there-
fore it can be considered that conduction is primarily ionic in
nature.’®

For t-LLHO two semi circles are observed which correspond
to bulk and grain boundary contributions, the high intercept
of the latter relating to total system conductivity. AI-LLHO has
overlapping semi-circles indicating combined bulk and grain
boundary contributions. Nyquist plots for t-LLHO and Al-
LLHO were fit to two R/CPE parallel components in connected
in series, illustrative of bulk and grain boundary resistance,
and are similar to those plots for LLZO systems
elsewhere.>***%3:33760 The AI-LLHO plots demonstrated a small
inductive effect, hence an additional inductive component was
added. Capacitance values and dielectric constants for the
bulk component correspond to values expected for bulk ionic
transport within oxide materials,’®*°®" see Table 2.
Conductivity values for t-LLHO and AlI-LLHO are similar to
those reported elsewhere by Awaka et al®' and Baklanova
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Fig. 2 SEM and EDX images of Ga-LLHO, illustrating homogenous distribution of elements throughout the analysed grains, with a presence of Cl

detected. Further SEM and EDX data are available in the ESI.{

et al.*® respectively, however the AI-LLHO synthesis reported by

the latter group required three heating cycles (900-1200 °C)
and over 40 hours to form the material.

The Ga-LLHO samples showed higher conductivities and
the bulk component in the Nyquist plots was largely masked
by an inductive effect at room temperature (and above), see
Fig. 4b inlay. In order to see the bulk response, the pellet was
cooled to 10 °C and in these low temperature data, we can
observe bulk and grain boundary contributions, hence the
data were fitted with two R/CPE components in parallel.

2368 | Dalton Trans., 2021, 50, 2364-2374

Ga-LLHO systems demonstrate high total ionic conductivity
of 0.382 mS em™" at 28 °C, and 1.04 mS cm™" at 63 °C, which
represents an impressive value, especially since the pellet only
achieved 87% relative density. The conductivity values are in
line with many cubic LLZO (and other garnet) phases and are
similar to  Ga-LLZO with  higher relative
35,56,58,39,62°65  Thege values therefore represent
notably higher conductivities for a doped LLHO garnet com-
pared to the Al, Ta doped samples reported in the literature,
while the fact that it has also been synthesised at considerably

values
densities.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 SEM and EDX images of polished pellet surface after densification, polishing and thermal etching showing close packed grains with some
small voids shown in the darker contrast regions. EDX was undertaken on the polished pellet surface prior to thermal etching and showed removal

of Cl from the structure and no Al contamination.

lower temperature is also significant.”®*"** An examination
into sintering of pellets of Ga-LLHO under O, at the same
temperature led to no difference in relative density or conduc-
tivity. Hence N, or O, sintering can be employed for these
garnets (see ESIY).

Arrhenius plots for t-LLHO, Ga-LLHO and Al-LLHO can be
found in Fig. 5 and activation energies in Table 2. The devi-
ation from linearity observed with t-LLHO around 100 °C is
attributed to water loss (as a result of some H/Li exchange for
this sample) which, despite being quenched from >750 °C and
measured, is still present. This can be most likely explained by
the fact that for t-LLHO the low conductivity enables even a

This journal is © The Royal Society of Chemistry 2021

very low amount of H/Li exchange to give a noticeable change
in conductivity.

Cell testing

As the Ga-LLHO phase demonstrated the highest conductivity,
it represents the most attractive alternative to Ga-LLZO as a
potential SSE. Therefore, this Ga-LLHO sample was investi-
gated for cell testing. Li symmetric cells were prepared by hot
pressing Li foil onto the pellet surface as described in the
experimental section. Impedance spectroscopy was performed
prior to cell testing to examine the interfacial resistance pro-
perties of the garnet | Li interface after the hot-pressing tech-
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Fig. 4 Impedance spectra of (a) t-LLHO (50° C), (b) Ga-LLHO (10° C)

inlay is Ga-LLHO (50° C) fit to the same equivalent circuit, (c) Al-LLHO
(50° C). All were fit with two R/CPE parallel components connected in
series where R1/CPE1 corresponds to the bulk and R2/CPE2 to the grain
boundary contributions.

nique, see Fig. 6a and 7a. The conductivity values obtained
from the Nyquist plot for the Ga-LLHO pellet are in agreement
with previous results, albeit the values are slightly lower at
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Table 2 Conductivity data for LLHO and doped phases. Activation
energy is calculated from the Arrhenius plots using the oyota Values

t-LLHO Ga-LLHO AI-LLHO

(50 °C) (10 °C) (50 °C)
Grotal (S cm™) 3.4x107° 1.7x107* 6.6 x107°
Gbuli (S ecm™ 5.8x107° 3.6x107* 2.2 %1074
Cpunc (Fem™) 5.08 x 102 5.99 x 1072 6.18 x 1072
& 57 67 70

Activation energy 0.52 (50-210 °C) 0.27 (10-90 °C) 0.33 (19-117 °C)
(eV)

1 1

0.175 mS cm™ at 18 °C (compared to 0.270 mS cm™ at the
same temperature for the prior conductivity pellet), despite the
slightly higher density for the cell test pellet: pye; of 90.5%. The
slightly lower conductivity values likely arose due to the vola-
tility of lithium during densification; however, the improved
sintering has enabled a more well resolved bulk component to
be revealed at room temperature. Hence the impedance spec-
trum was fit with three CPE/R components, representing bulk,
grain boundary and Li|garnet interface contributions.

CCD was evaluated at room temperature as shown in
Fig. 6b. The symmetric cell was cycled at room temperature,
on an open lab bench, with increasing current densities from
10 pA ecm™? to 300 pA ecm . The cell had an ASR value of 464
Q cm® The Li|Ga-LLHO|Li symmetric cell demonstrated
ohmic current-voltage behaviour up to 120 pA cm™ with some
overpotentials observed above 40 pA cm™>. These overpoten-
tials increase in line with increased current densities until a
large voltage drop occurred at 120 pA cm™?, indicating cell
short circuit and propagation of Li dendrites, with this con-
firmed by impedance spectroscopy in Fig. 6a. When the cell is
cycled at 60 °C, see Fig. 7c, a voltage drop is noted at 300 pA
em~? which indicates a higher CCD of the Ga-LLHO cell at
60 °C.

CCDs of the lithium garnet systems are thought to depend
primarily upon the density of the pellet (which should be as
high as possible), grain boundary characteristics, conductivity
and the ASR (which should be as low as possible).>"*!#>66769
The dependency of CCDs on ASR was systematically evaluated
by Flatscher et al. with Ga,,Lis4LaszZr,04, (Gay,-LLZO) using
single crystals (hence relative density is 100%). As this system
is analogous to Ga-LLHO comparisons can be drawn. Flatscher
et al. demonstrated that a Ga,,-LLZO cell with 100% relative
density and an ASR of 253 Q cm® would form a short circuit at
120 pA em™?; this is the same CCD observed for the Ga-LLHO
cell which has considerably lower density (90.5%), a higher
ASR (464 Q cm?) and decreased conductivity (0.175 mS cm™"
vs. 1 mS em™ ).

Work by Pesci et al. found that with high density (>95%),
high conductivity (0.74 mS cm™") and low ASR (16.7 Q cm?)
pellets of Ligs5Gag15LasZr,01, had a CCD of 0.16 mA cm™.
This CCD is slightly higher than the reported CCD of Ga-
LLHO, but is nonetheless comparable, despite lower Li
content, lower density and a much higher ASR.>" Hence the
Ga-LLHO system suggests an increased CCD over the Ga-LLZO

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Arrhenius plots for (a) t-LLHO, (b) Ga-LLHO, (c) Al-LLHO.

phase, however more comparative work is needed to confirm.
Although the work by Flatscher et al and Pesci et al is
amongst the most exhaustive when considering Ga-LLZO
CCDs, it should also be noted that irrespective of density, ASR
and conductivity the CCD values of Ga-LLHO are often higher,
or at least very similar, to those reported for Al doped LLZO
phases synthesised by conventional methods (e.g. without hot
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Fig. 6 (a) The impedance spectrum of the Li symmetry cell before and
after CCD testing of Ga-LLHO at 21 °C, the fit at higher frequencies is
representative of slightly overlapping bulk and grain components, hence
was fit with two R/CPE components (b) CCD testing starting at 10 pA
cm™2 and increasing in increments of 10 pA cm™2 until 300 yA cm™2,
with a large drop in voltage at 120 pA cm™2 indicating cell short circuit
and lithium dendrite growth.

pressing and using alumina crucibles).?"**”%"* As of yet no

CCD studies have been performed on LLHO garnets, hence a
direct comparison is not possible. Nevertheless, we propose
that these Ga doped LLHO systems offer significant promise if
improvements to the sintering and reductions in the inter-
facial resistance can be made.

To assess cycling and interface stability, a Li|Ga-LLHO|Li
symmetry cell was examined under constant current con-
ditions while galvanostatically plating and stripping Li metal.
Fig. 7b and c shows the time dependant voltage profile where
Li|Ga-LLHO|Li symmetric cells were cycled at room tempera-
ture (between 10 and 19 °C) and at 60 °C at various current
densities. Positive voltage indicates Li stripping, whereas nega-
tive indicates Li plating.”® Cells were cycled for 30 minutes for
each charge/discharge cycle for a total of 310 hours at room
temperature. The repeating fluctuation in the voltage profile
for the room temperature data is ascribed to temperature vari-
ations during cell cycling, as the cell was left on an open

Dalton Trans., 2021, 50, 2364-2374 | 2371
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Fig. 7 Li|Ga-LLHO|Li symmetry cell testing where (a) shows the impe-
dance spectrum of the symmetry cell before cycling (at 21 °C) with over-
lapping bulk and grain boundary components (b) cycling of the cell at
various current densities at the fluctuating room temperature experi-
enced on an open lab bench (10-20 °C), (c) cycling data at 60 °C. The
spike in current/voltage on the 50 uA cm™2 plateau is due to a program-
ming error during cell testing. The large drop in voltage at 300 pA cm™2
is attributed to cell short circuit and propagation of lithium dendrites,
therefore is the CCD of the Ga-LLHO phase at 60 °C.

bench in a non-air-conditioned lab to approximate general
temperature alterations found in real world use. This is con-
firmed as the peaks in voltage occurred overnight, whereas
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Fig. 8 Cyclic voltammetry of Au|Ga-LLHO|Li cell, showing Li stripping
and plating peaks at ~0.3 V and ~—0.4 V respectively, with peaks at
lower potentials indicative of Au/Li alloying.

lower voltage troughs occurred in the daytime, corresponding
to warmer temperatures and increased conductivity. Cycling
stability improves considerably at 60 °C with mostly flat
voltage profiles observed when the cell was cycled at the
varying current densities (Fig. 7c).

Finally, cyclic voltammetry was performed to assess the
electrochemical stability of the Ga-LLHO phase from —0.4 to 5
V, see Fig. 8. As can be seen, clear peaks are present at ~0.3 V
and ~—0.4 which indicate Li stripping and Li plating respect-
ively. The small peaks on the tail of ~0.3 V peak are indicative
of alloying between Au and Li. Outside of this, the voltage
profile remains mostly flat throughout the scan with an
absence of clear redox peaks, indicating stability of the Ga-
LLHO phase across this range in the presence of Li metal.

Conclusion

In this work we have shown a low temperature (700 °C) route
to a variety of LLHO garnets which eliminates Al contami-
nation from the alumina crucible. Of particular interest was to
illustrate a potential attractive alternative to Ga-LLZO which
has garnered significant attention over recent years. In doing
so we have found that Ga-LLHO is relatively simple to prepare
and it appears that this particular phase is far easier to form
than other variations of the LLHO system. Furthermore, a high
CCD is demonstrated compared to the comparable Ga, ,-LLZO
system, in addition to room temperature stable cycling and
excellent cycling stability at 60 °C. We have also demonstrated
that AI-LLLHO can also be synthesised via this route, albeit at a
higher temperature. Furthermore, this synthesis method could
likely be applied to a wide range of garnet materials, in par-
ticular those which have a dichloride octahydrate precursor.

This journal is © The Royal Society of Chemistry 2021
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Introduction

Evaluation of Gag ,Lig 4NdzZr,0O,, garnets: exploit-
ing dopant instability to create a mixed conductive
interface to reduce interfacial resistance for all
solid state batteriesy

M. P. Stockham, @ *? B. Dong, ©92 M. S. James,? Y. Li,” Y. Ding,” E. Kendrick @ © and
P. R. Slater (2 *@

The next major leap in energy storage is thought to arise from a practical implementation of all solid-state
batteries, which remain largely confined to the small scale due to issues in manufacturing and mechanical
stability. Lithium batteries are amongst the most sought after, for the high expected energy density and
improved safety characteristics, however the challenge of finding a suitable solid-state electrolyte
remains. Lithium rich garnets are prime contenders as electrolytes, owing to their high ionic conductivity
(>0.1 mS cm™), wide electrochemical window (0—6 V) and stability with Li metal. However, the high
Young's modulus of these materials, poor wetting of Li metal and rapid formation of Li,COs passivating
layers tends to give a detrimentally large resistance at the solid—solid interface, limiting their application in
solid state batteries. Most studies have focused on La based systems, with very little work on other lantha-
nides. Here we report a study of the Nd based garnet Gag ,Lig 4Nd3Zr,O15, illustrating substantial differ-
ences in the interfacial behaviour. This garnet shows very low interfacial resistance attributed to dopant
exsolution which, when combined with moderate heating (175 °C, 1 h) with Li metal, we suggest forms
Ga-Li eutectics, which significantly reduces the resistance at the Li/garnet interface to as low as 67 Q cm?
(much lower than equivalent La based systems). The material also shows intrinsically high density (93%)
and good conductivity (0.2 mS cm™)
particularly well suited to provide a mixed conductive interface (in combination with other garnets) which

via conventional furnaces in air. It is suggested these garnets are

could enable future solid-state batteries.

Therefore, the replacement of these electrolytes is a pre-requi-
site for the next major leap in energy storage.>*™"*

Lithium ion batteries (LIBs) are the electrochemical system of
choice for many energy storage applications. To further
increase energy density the move to lithium metal negative
electrodes, or anodes, is required. This is a particular chal-
lenge for cells containing liquid based electrolytes due to
hazardous dendritic lithium growth and numerous safety
implications.'™ Liquid electrolytes are also toxic, flammable,
and unable to be employed with high V cathode materials due
to their electrochemical

relatively narrow window.*™®
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Solid state batteries (SSB) enable safer, higher energy
density and (theoretically, assuming a perfectly dense struc-
ture) are able to block Li dendrite growth, however a practical
solid state electrolyte (SSE) remains an intense research
challenge."**® Most SSEs, based on oxide and sulphide chem-
istries, often have either a poor electrochemical window or low
ionic conductivity, while also requiring time consuming,
energy demanding and/or complex synthesis routes."” >
Furthermore, many SSEs also suffer from large interfacial re-
sistance due to poor wetting at the solid-solid interface, thus
limiting the practical use of many SSBs.>>>®

Amongst the oxide SSEs, lithium rich garnet materials have
seen enormous interest due to their high room temperature
conductivity (rivalling liquid electrolytes at >0.1 mS em™), a
wide electrochemical window (0-6 V) and stability with
lithium metal.'®*°* This, therefore, positions these garnet
materials relatively uniquely amongst other SSEs, making
them promising SSB candidates.

This journal is © The Royal Society of Chemistry 2021
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Typical garnets have the general formula A;B,X;0;, (e.g. A =
Fe, Mg, B = Al, Cr, Fe, and X = Si, Fe, Al, Ga).**° An example
of such a Li; based garnet system is LizNd;W,0;,, with
lithium fully occupying the 24d tetrahedral site, although this
garnet shows minimal Li ion mobility.>®*° Through modifying
this system with lower valent cations, increased Li content
results in order to maintain charge neutrality. This gives
increased conductivity, with lithium occupying additional
interstitial octahedral sites.?”*>*"*> At the upper maximum of
7 Li per formula unit (pfu), Li ordering occurs to reduce short
Li-Li distances as all Li sites are fully occupied, which gives an
elongation of an axis in the cubic cell. Therefore, Li garnets
present with two distinct crystal systems: cubic and
tetragonal.** ™’ Tetragonal garnets have 7 Li pfu and poor con-
ductivity with the I4,/ACD space group (no. 142).**7*
Conversely cubic garnets have <7 Li pfu and show high con-
ductivity and either Ia3d (no. 230) or I43d (no. 220)
symmetry.***®*® Lithium garnets are usually most conductive
when the Li content is between ~6.2-6.6, as some vacant inter-
stitial sites are required to provide an effective migration
pathway,>+29:32,34,37,41-43,50-63

One of the garnet systems that has attracted considerable
attention is Li,_3;Ga,La;Zr,0;, (Ga-LLZO),>*>*%%* however,
there are still challenges with this system to achieve the
highest conductivity, which typically requires the powder to be
fully synthesised/processed under argon or O, to enable high
densities and minimize atmospheric proton exchange.>
Similarly complex procedures are often required to reduce the
high interfacial resistance encountered at the interface with
the Li metal anode, which is currently one of the key limiting
factors toward practical garnet battery applications. This issue
is compounded by the rapid formation of a Li,CO; passivating
layer, with reports suggesting it forms within minutes of air
exposure.”>®” Therefore, a need arises to investigate other
potential garnet systems which can offer improved conduc-
tivity, densification and, crucially, intrinsically low interfacial
resistance.

Several reports have previously discussed the potential
instability of Al and Ga doped LLZO, with dopant exsolution
shown to plate the grain boundaries in oxide form after
densification.>*°® Although this has been shown to be advan-
tageous for pellet densification, it also creates Li deficient
grain boundaries which can impede overall ionic conductivity.
Dopant exsolution, however, has yet to be explored as a poten-
tial way to decrease interfacial resistance at the Li-garnet inter-
face. This could be accomplished by enhancing dopant exsolu-
tion to enable alloying with Li metal, particularly with Ga
doped garnets in the form of Ga-Li eutectics. In doing so, this
could create a low impedance interface and remove the need
for additional coatings/interlayers/complex techniques post
SSE membrane formation. Most reports of dopant exsolution
relate more to the Al substituted garnets rather than Ga,
however the latter is far more favourable to form Li based
eutectics at temperatures >28 °C.%97*

Therefore, to examine this possibility a Ga doped garnet
must be designed which has enhanced dopant site instability

This journal is © The Royal Society of Chemistry 2021
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(to enable increased exsolution). In this work, we examine
whether replacing La by Nd can generate such an effect, as a
result of strain created by the reduced lattice parameters
associated with the smaller Nd*" ion. As Ga-Li eutectics form
above 28 °C, subsequent heating of a Ga doped Nd garnet in
the presence of Li metal may enable enhanced site instability
(due to reactivity of Li) and favour formation of the eutectic
alloy.®”*

Herein, we report the synthesis of Lig 4Ga,,Nd;Zr,04, (Ga-
NLZO) for the first time, which demonstrates Ga-exsolution
which has been considerably enhanced post Li symmetry cell
formation, when compared to reports of Ga-LLZO/Ga-
LLHO.>** Significantly Ga-NLZO demonstrates exceptionally
low interfacial resistance of 67 Q cm?” intrinsic to the garnet
material and pellets/powder can be prepared in air.
Furthermore, sintered Ga-NLZO has high density (93%), good
room temperature conductivity (~0.3 mS cm™"), a wide electro-
chemical window and cycling stability.

To ascertain if Ga-Li alloying occurs we have performed
post cycling analysis and investigate the reaction between pur-
chased Ga,0O; and Li metal under similar circumstances. Ga-
NLZO is shown to have promising applications as a conductive
interface (CI) with proof-of-concept lithium garnet “sandwich”
type cells constructed in the form of Ga-NLZO/
Lig sLasZr; 55Cep 25T 5012 (Ta-LLZCO)/Ga-NLZO. As there have
been few reports of Nd based garnet systems®>®7>
extended this study to structural and impedance evaluation of
Lis.xNd3Nb,_,Zr,O4, (0 < x > 2) and Lig 4Aly ,Nd;3Zr,04, (Al-
NLZO).

we also

Methods

Synthesis

Lis.LazNb, ,Zr,01, (0 < x > 2) and Lig 4Gag »/Aly ,Nd3Zr,04,
were prepared via the solid-state route from stochiometric
quantities of Li,CO3, Nd,O3, Nb,Os, ZrO,, Al,05; and Ga,0; in
air. A 20-40% mol excess of lithium was added to compensate
for lithium loss during high temperature sintering. All
powders were ball milled for 1 h with ZrO, balls (500 rpm)
with hexane, pressed into pellets and heated to 1050 °C
(6 hours) at 5 °C min~". Post sintering, pellets were sanded to
remove any Al contamination from the Al crucible. AI-NLZO
and Lie 4Nd3Nbg ¢Zr, 404, required a second heat treatment
with 20% wt. Li excess to achieve single phase samples.
Lig sLaszZr; »5Ce.25Ta.501, (Ta-LLZCO) was synthesised simi-
larly (using CeO,), but at 950 °C (12 h), for use in the layered
cells as previous reports suggest Ce assists with low interfacial
resistance, hence may assist in the layered structure.*”

Characterisation

All samples were stored in an argon glove box to prevent
proton-Li exchange in the garnet, which is also thought to
occur in Nd based garnets.>”? Scanning electron microscopy
(SEM) was performed on a Hitachi TM4000plus instrument,
with the elemental distribution confirmed by the corres-

Dalton Trans., 2021, 50, 13786-13800 | 13787
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ponding AZtecOne energy dispersive X-ray (EDX) attachment.
Samples were prepared by applying the powders to a carbon
tape and analysed at 15 kV in backscattered electron mode.
Pellets were also examined in this manner, which were
polished with silicon carbide sandpaper from 240 to 4000 grit
to form a flat surface. Phase analysis was performed by X-ray
diffraction (XRD) using a Bruker D8 diffractometer with a Cu
X-ray source. Experimental pellet densities were determined
and compared to theoretical values from Rietveld refinement
results (performed using GSAS II software).”*

Impedance spectroscopy

All Nd garnets (for impedance spectroscopy and cell testing)
were pelletised and densified in a dry room with a dewpoint
between —45 °C to —64 °C (the elimination of humidity was
found to be necessary to prepare good quality samples: it is
known that moisture can be an issue in the synthesis of Li
garnet systems).””””” Pellets were prepared as follows: approx.
10 mm diameter pellets were pressed to ca. 1.5 tonnes and
heated to 1150 °C for 13 hours (1.9 °C min™'). In all cases
sacrificial powders were used to protect pellets from Al con-
tamination via the Al,O; crucible and to minimize Li loss. In
order to examine the potential of Ga-NLZO as a Li metal
contact layer, layered Ga-NLZO pellets, in the form of Ga-
NLZO/Ta-LLZCO/Ga-NLZO, were prepared in a similar manner,
but at 0.4 °C min~'. Post-sintering, the pellets were polished
and were sputtered with Au for room temperature impedance
spectroscopy measurements, which were performed with a
Solartron 1260 impedance analyser from 1 Hz to 10 MHz with
a 20 mV potential. Variable temperature measurements were
undertaken by painting the polished pellet with Au electrodes,
which required heating to 800 °C for 1 hour in air to cure the
Au paste. The pellets were then air quenched to room tempera-
ture from >700 °C (to limit H/Li exchange®®’®7?). The variable
temperature impedance measurements were measured from 5
Hz to 13 MHz using a Hewlett Packard 4192A LF instrument
with a 100 mV applied potential from 50-143 °C.

Cell assembly

All cell tests were performed on a biologic VMP3 or SP50
instrument. Li|Ga-NLZO|Li symmetric cells were assembled in
an Ar glove box. Firstly, the pellets (~1.7 mm thickness) were
polished using silicon carbide sandpaper from 240 to
4000 grit, then lithium metal foil was applied to each side of
the pellet. The cell was then heated to 175 °C under a constant
pressure for 1 h using a commercially and readily available
steel 3-way G clamp (see ESIf) and were secured under light
pressure via hand tightening the clamp. The cell was sub-
sequently secured within a Swagelok type cell. Cells were exam-
ined via impedance spectroscopy before (and after) cell testing
from 10 MHz to 0.1 Hz with a 20 mV potential on a Solartron
1260 impedance analyser. These symmetric cells were then
cycled under constant current conditions at various current
densities to assess cycling stability at room temperature on an
open lab bench (between 15-21 °C throughout the day) as well
as at a constant temperature (50 °C) in a fire-proof thermal
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abuse test chamber (MTTI). Cells were also cycled with increas-
ing current density, in increments of 10 pA cm™2, until a short
circuit formed to assess CCD at room temperature on an open
lab bench. The ASR was analysed as a function of temperature
via impedance measurements for Ga-NLZO. Li/Ga-NLZO/Ta-
LLZCO/Ga-NLZO/Li sandwich type cells were assembled simi-
larly, with Li stripping and plating assessed on an open lab
bench (15-27 °C) and at 43 °C (to confirm voltage stability).
Au|Ga-NLZO|Li cells, for cyclic voltammetry (C.V.), were
formed by polishing a NLZO pellet as above and hand pressing
the pellet into Li foil in an Ar glovebox. The cell was placed in
a Swagelok cell with Au foil as the working electrode. Cyclic
voltammetry was subsequently run from —0.4 to 5 V at a scan

rate of 1 mv s,

Post cycling analysis

Post cycled Ga-NLZO pellets, which had short circuited, were
analysed by SEM and EDX and compared to freshly prepared
pellets. For SEM/EDX, pellets were thermally etched in a
manner similar to the densification steps above and analysed
on the same SEM/EDX instrumentation as above (see ESIT for
pellet analysis prior to thermal etching). Cross sectional areas
were also analysed via SEM/EDX after the pellet was snapped
into smaller segments. The pellet surface and re-ground
powder were also analysed via XRD.

Results and discussion

X-Ray diffraction results

The powder XRD patterns of Lis.,Nd;Nb,_,Zr,O4, (0 < x > 2),
Ga/Al-NLZO and Li,Nd;Zr,0,, (NLZO) are shown in Fig. 1. All
patterns correspond to the expected garnet symmetry and
could be indexed on a cubic Ia3d (Lis: Nd;Nb, ,Zr,0;,/Al-

—— Ga-NLZO
9V A
—— AI-NLZO
e
E x=2
g T
o ——x=14
e
G,
> x=1.2
‘@
C
*2 x=0.75
= R\
——=x=i015]
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x=0
T N R S
T » T - T - T o T o T " 1
20 30 40 50 60 70 80

20

Fig. 1 Powder XRD patterns of Lis,xNdsNb,_,Zr,O1, (0 < x > 2) and
Lig4AlgoNd3Zr,O1, indexed on la3d type symmetry and
Lic.4Gag 2Nd3Zr,04, on 143d symmetry (see ESI+ for magnified pattern at
~22 20). The small peak ~20 20 for Al-NLZO and x = 2 is attributed to a
small Li,ZrOz impurity.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt02474d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 September 2021. Downloaded on 2/18/2022 10:44:56 AM.

(cc)

Dalton Transactions

NLZO) or I43d (Ga-NLZO) cell.*****® All Nd garnets were blue
under artificial lighting but instantly turned neodymium glass
purple when placed in sunlight, corresponding to the
Alexandrite effect as noted previously.*

Rietveld refinements on the Lis,,Nd;Nb,_,Zr,0;, (0 < x >
1.4) systems were based on the structural model by Cussen®’
and showed a linear increase in lattice parameters (see Fig. 2),
in agreement with Vegard’s law, thus further confirming the
solid solution range. This increase is attributed to the larger
ionic radius of Zr** over Nb>". Lattice parameters were smaller
than the La counterparts reported elsewhere, consistent with
the smaller radius of Nd*" vs. La®". Fractional occupancies of
Zr and Nb were set to the intended ratio, as the similarities in
scattering factors preclude accurate refinement using XRD
alone (see ESI} for example refinement). For x = 1.4 small Nd/
Zr based impurities were present which were unable to be
removed. These worsened significantly for samples with x =
1.6 and 1.8 (see ESI{).

The Ga-NLZO and Al-NLZO samples had larger lattice para-
meters compared to Lig4Nd;Zry 4JNb, 045, see Fig. 1 and 2,
with much higher conductivity and improved density for Ga-

12804 ® Lig Lla,Nb, ZrO A
e Ga-NLzZO
4 AI-NLZO
_ 1276
< ]
2
5 [ ]
B 12.72 1
S
o
g
b 12.68 L
Q
= [ ]
©
—
12.64
[ ]
12.60

—
50 52 54 56 58 60 62 64
Li Content pfu

Fig. 2 Lattice parameters vs. Li content of Lis,,LasNb,_,Zr,O5, (0 < x >
1.4), Li5_4Alo_2Nd32r2012 and Li6_4Gao_2Nd3Zr2012, as determined from
Rietveld refinements.
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NLZO (see later). These lattice parameters are still far smaller,
however, than Ga-LLZO and Ga-LLHO due to the smaller size
of Nd**.>*?>*> For Ga-NLZO both the Ia3d and I43d space
groups were considered. The sample has an additional peak
~22° 20 which is attributed to the acentric cubic space group
I43d, therefore it was assumed to adopt this symmetry as per
reports for Ga-LLZO (see ESIt for narrow 26 range XRDs). I43d
Ga-LLZO systems are thought to possess a La occupancy <1,
however attempts to similarly refine the Nd site occupancy for
Ga-NLZO yielded an unstable refinement, hence the Nd occu-
pancy was set to 1. Future work will be needed to ascertain if a
fractional occupancy occurs and to what extent. Attempts to
reduce the Ga content and so prepare Ga, 15NLZO were unsuc-
cessful giving a mixed cubic/tetragonal phase with low conduc-
tivity, see ESL{ The AI-NLZO sample did not have any
additional peaks, and hence was assumed to have Ia3d sym-
metry, as per the report from Howard et al.®

The undoped NLZO demonstrated significant peak splitting
when compared to the cubic counterparts, consistent with the
expected reduction in symmetry from a cubic to a tetragonal
cell, hence was indexed on the structural model from Howard
et al. (space group I4,/acd) giving similar lattice parameters,
see Table 1.

SEM (EDX)

Fig. 3 displays SEM images and EDX maps of Ga-NLZO
powders. Images illustrate similar grain characteristics
throughout with no discernible changes in contrast across
individual grains, indicating single phase materials. EDX
maps show a uniform distribution of the expected elements
across the analysed grains, thus confirming elemental compo-
sition and a lack of Al contamination from the crucible. Fig. 4
also shows the surface of a Ga-NLZO pellet, showing closely
packed grains, indicating high density materials, and similar
EDX results as the corresponding powder.

Conductivity measurements

The conductivities of the Nd garnet systems were shown, in
general, to increase in line with increased Li content and
larger lattice parameters. A typical Nyquist plot with Au block-
ing electrodes is shown in Fig. 5; these were fit to a single R/
CPE component in parallel, illustrative of overlapping bulk
and grain boundary contributions. Capacitance values and

Table 1 Lattice parameters, relative density, conductivity, and activation energy of Lis.,NdsNb,_,Zr,Os, (0 < x > 2), Ga/Al-NLZO and NLZO. Ga-

NLZO* refer to the second pellet ran in a Swagelok cell

Sample (x=)  Lattice parameters (a) (A)  Lattice parameters (c) (A)  pre1 (%)  Groal (Scm™") (50 °C)  Activation energy (eV) (20-143 °C)
0 12.6100(1) 71 6.1x107° 0.53

0.5 12.6587(5) 69 6.9x107° 0.40

0.75 12.6791(2) 74 2.0%x107° 0.41

1.2 12.7282(1) 91 1.4x107* 0.38

1.4 12.7437(1) 78 1.2x107* 0.41

2 12.9221(7) 12.5503(6) 59 6.2x1077 0.48

Al 12.7994(7) 78 8.7x107° 0.39

Ga-NLZO 12.7945(1) 88 3.1x107* 0.25

Ga-NLZO* 12.7945(1) 93 6.6 x107* 0.32 (18-73 °C)

This journal is © The Royal Society of Chemistry 2021

Dalton Trans., 2021, 50, 13786-13800 | 13789


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt02474d

Open Access Article. Published on 06 September 2021. Downloaded on 2/18/2022 10:44:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions

15kV 7.1mm x3

-
! 50pm !
O Kal
50pm 50pm

Fig. 3 SEM image and EDX map of elemental distribution in Gag sLig 4Nd3Zr,O;, in powder form.
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Fig. 4 SEM image and EDX map of elemental distribution in from the pellet surface of Gag ,Lig.4sNd3Zr,O15.

dielectric constants fall within the range expected for bulk tance spike relating to the Au electrodes, perhaps relating to a
materials, see ESI.T The measurements for Ga-NLZO at ~20 °C  small grain boundary component. However, this was unable to
displayed a buried contribution in the double layer capaci- be fitted to the corresponding R/CPE element, see Fig. 5 inlay.
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Flg. 5 TyplCal NquIst plOt of Li5_75Nd3Nb1_252r0_75012 at 63 °C with Au
blocking electrodes. The plots were fit to a single R/CPE component,
illustrative of overlapping bulk and grain boundary contributions. More
conductive plots, such as those in Fig. 8, required the addition of an
inductive element. Inlay is Ga-NLZO at 18 °C, demonstrating buried
grain boundary contribution in the double layer capacitance spike.

Highly conductive samples, such as Ga-NLZO, demonstrated a
high frequency inductance (~107® H), hence an additional
inductive element was included in the equivalent circuit
model, see Fig. 8. This corresponds to previous reports and
likely arises from the system wiring and/or limitations of the
impedance equipment.?*%%8!

The conductivity of Lis.,Nd;Nb,_,Zr,O,, garnets reached a
maximum of 7 x 107> S em™" (22 °C) for Lis ,Nd3Zr; ;Nbg 501,
before falling noticeably for Lis 4Nd3Zr; 4Nb, O, attributed to
decreased densification of the latter. The conductivity of Al-
NLZO was considerably lower at 6 x 107® S em™" (22 °Q),
however Ga-NLZO showed a much higher conductivity at 2 x
107" S em™ (20 °C), and was the only Nd based garnet to
demonstrate room temperature conductivity in the 107" S
em™' range.

Arrhenius plots, see Fig. 6 and 7, demonstrate a mostly
linear trend, with activation energies given in Table 1. NLZO
shows some deviation from linearity which is attributed to
water loss, as a result of proton-Li exchange. However, non-lin-
earity is present for the high Li content cubic phase Nd
garnets between the room temperature measurements and
50 °C, which cannot be explained similarly.

As the room temperature measurements, particularly in the
high content Li Nd garnets, were Au sputtered and 50 °C
measurements were taken post quenching while curing the Au
paste, it can be concluded that the heating step to cure the Au
paste (and/or subsequent quenching from >700 °C) may be
responsible. Comparative impedance spectra analysis of pre/
post quenched Ga-NLZO pellets revealed a newly resolved
grain boundary contribution post quenching, which fits to two
parallel R/CPE components connected in series rather than
one, see Fig. 8. This additional grain boundary contribution
reduced the conductivity, with this being so even if the buried

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Arrhenius plots of Lis,,NdsNb,_,Zr,O1, (0 < x > 2). The non-line-
arity observed is a result of quenching degrading the microstructure.
The non-linearity of the tetragonal sample is attributable to water loss,
as although samples were stored in a Ar glovebox, it was not possible
characterise fully under Ar. The lower temperatures measurement for
Lig 4Nd3Nbg ¢Zr; 401, is due to lower temperature experienced in the
Lab. Note — x = 0—0.75 were not Au sputtered first as conductivity was
expected to be low, hence linear trend.
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Fig. 7 Arrhenius plots of Alg,Lig4sNdzZr,01, and Gag,Lig 4Nd3Zr,O45.
As bending of the plots were noted between room temperature and
50 °C, a fresh Gag,Lis4Nd3Zr,01, pellet was Au sputtered, secured in a
Swagelok cell and measured from 18-73 °C (blue stars), gave a linear
plot and confirmed the degradation encountered with Nd garnets when
subjected to quenching.

contribution in Fig. 5 inlay is considered. As Ga-NLZO is the
focus of this work, a pellet was sputtered with Au, cooled natu-
rally and analysed further between 18-73 °C. The Arrhenius
plots demonstrate near perfect linearity, thus indicating
quenching negatively affects the conductivity of Nd based
garnets, see Fig. 7.
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Fig. 8 Nyquist plot of Gag ,Lig 4Nd3Zr,01, at 22 °C where (a) is Au sputtered and fit to a single R/CPE component and (b) is the post quenched plot
of the same sample after drying of Au paste, now showing a grain boundary contribution and fitting to two parallel R/CPE components connected
in series. The new features in b, which lower total system conductivity, relate to degradation of the pellet microstructure from quenching. This is sus-
pected to relate to thermal shock and shows that Nd based garnets respond less favourably to quenching than other lithium garnets, whereupon

increased conductivity is commonly observed.

In order to try to evaluate the origin of this detrimental
effect of quenching, fresh Ga-NLZO pellets were quenched for
microstructural evaluation, however these violently shattered
indicating thermal shock. Hence the results suggest that Nd
garnets are degraded by quenching, although more work is
needed to confirm the origin of this affect. In contrast, a
furnace cooled Ga-NLZO pellet demonstrated an improved
93% relative density and ionic conductivity of 0.3 mS em™" at
20 °C, (1.34 mS cm ™" at 73 °C). See Table 1.

Overall the evaluation of Nd based garnets has revealed
that, despite many having rather low room temperature con-
ductivity, the conductivity of Ga-NLZO is similar to other
lithium garnets prepared under similar conditions, despite the
smaller lattice parameters.’**>>%>>>>8285 The high conduc-
tivity observed for Ga-NLZO is likely due, in part, to the good
sinterability of this composition leading to higher density
(93% theoretical).

The high-density of Ga-NLZO pellets (93%) is notable as it
is accomplished relatively simply, and are higher than our pre-
vious reports for La based garnets prepared under similar con-
ditions, where densities <90% are more commonly
0bSerVed.32,53754'86

Cell testing - interfacial resistance

To assess the ASR in contact with Li metal, a sintered Ga-
NLZO pellet was assembled into Li metal symmetric cells. Li
stripping and plating was then investigated to assess cycling
and ASR stability (see later). Cells were analysed via impedance
spectroscopy prior to (and after) cell testing. A typical Nyquist
impedance plot is shown in Fig. 9. The impedance spectrum
was fit to three parallel R/CPE components, with the bulk and
grain boundary contribution being present in the high to mid-
frequency range, which is now more resolved than the data
from the earlier conductivity measurements (Fig. 5 inlay). The
conductivity values obtained from this plot are in good agree-
ment with those values obtained prior (~2.5 x 107* S em™, all
pellets ~93% density). Several pellets were analysed, which
demonstrated similar characteristics. The semi-circle observed

13792 | Dalton Trans., 2021, 50, 13786-13800

—o— Experimental Data

-1.0x10° 41— Fit
—— Short Circuit
L Re Rgb Rint
CPE1 CPE2 CPE3

&

£

o

c

= -5.0x10%

N

6 MHz

0.0 -
0.0

T
5.0x10°
Z' (Q cm?)
Fig. 9 Li symmetry cell Nyquist plot of Gag ,Lis4Nd3Zr,O1,, which was
fit to three R/CPE components connect in series, illustrative of bulk,
grain and Li/garnet interface contributions. The absence of Au has
revealed the entire grain boundary contribution, previously thought

buried in the charging spike. Blue line is representative of a cell after
short circuit.

at low frequency in Fig. 9 corresponds to the resistance
encountered at the Li metal/garnet interface. The area specific
resistance (ASR) is hence determined from this semi-circle.

As a wide variety of potential Ga-Li eutectics can be formed
from room temperature to 175 °C, impedance analysis was
undertaken after hand pressing the Li foils only (20 °C), using
the G clamp pressure (20 °C) and at different temperatures
under the clamp pressure (60-175 °C), with ASR values being
taken after pressing and cooling to room temperature. These
results are shown in Fig. 10a. Hand pressing the Li foil yielded
relatively large ASR values, however these were lower than
expected at 4175 Q cm? (typically values of ~10 000 Q cm” are
found for other garnets analysed similarly).”®®®®” This fell
considerably by applying the force of the clamp but remained
quite high at 865 Q cm”. Increased temperature reduced the

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) Impedance spectra demonstrating ASR dependence on heat

with the interfacial resistances of 4175 (black, hand pressed), 865 (red,
clamp pressure only), 518 (green, 60 °C), 274 (blue (110 °C) and 128
(teal, 175 °C) Q cm?. (b) Impedance spectroscopy of Li/Ga-NLZO/Li sym-
metry cell at room temperature and 40 °C, showing nearly complete
removal the Li/garnet interface contribution, indicating minimal inter-
facial resistance at slightly elevated temperature. The ASR at room temp-
erature was 67 Q cm?, and was the lowest recorded in this work. The
pellet in (b) had decreased density (91%), hence has also revealed the
grain boundary component more clearly.

ASR further, with the ASR after pressing at 110 °C being 274 Q
em? (at 20 °C), which is in the range of many garnet reports
which use complex techniques and/or additional coatings.
However, heating to 175 °C was required to enable the lowest
possible ASR for Ga-NLZO at 67 Q cm?, with cells commonly
being in the 130-80 Q cm” range due to limitations of the
3-way G-clamp. To confirm the low ASR is due to the presence
of Ga, a tetragonal NLZO symmetry cell was assembled and
pressed in the same manner. This cell demonstrated a high
ASR (~1000 Q cm?, see ESIf). Therefore, this result supports
the conclusion that the relatively low ASR encountered with
Ga-NLZO arises from the Ga dopant, with results indicating
additional reactions occur outside of enhanced Li metal
plastic deformation at increased temperature. Therefore, all

This journal is © The Royal Society of Chemistry 2021
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cells were heated to 175 °C under pressure from the G-clamp
and left to cool before removing. Impedance was subsequently
further analysed on a Li/Ga-NLZO/Li cell at 20 and 40 °C, with
the slightly elevated temperature showing almost complete
removal of the Li/Ga-NLZO contribution, hence indicating
nominal resistance at the interface. See Fig. 10b.

Ga-NLZO cells thus exhibited much decreased ASR values
when compared to the Ga-LLHO, Ce-doped LLZO and Ce-
doped Lis:,LazNb, ,Ce,O;, cells we reported earlier (ASR
values ~400 Q cm?).>>*”* As cells were pressed in a similar
manner, this is a considerable reduction in ASR which can
only be attributed to an interfacial reaction between Li metal
and Ga-NLZO.

Furthermore, these ASR values are lower than those
reported for several LLZO based samples processed fully under
Ar in a glove box environment. For example, work by Brugge
et al. (and follow up work by Pesci et al) determined that
thermal etching of Ga-LLZO, under controlled conditions (e.g.
glovebox polishing and transferring via vacuum for heating),
can reduce ASR values from ~12 372.2 to 148.9 Q cm?, with the
main difference being Li foils were cold pressed on to the
garnet surface and left for 24 h rather than heating to 175 °C
for 1 h. This etched value is still higher than that achieved by
Ga-NLZO (67 Q cm?) and does not require glovebox connected
furnaces.”>*®*®" Work by Tsai et al. using similar cell making
procedures, but employing Au sputtered buffer layers between
garnet and Li foil, were also shown to reduce interfacial resis-
tance, however were still significantly higher than Ga-NLZO
(380 vs. 67 Q cm?).°®5% Many other works also detail interfacial
modifications (e.g. polymers, pulsed laser deposition)/complex
procedures/expensive alloying reactions (e.g. Au, Ag) which
give higher resistances than the as prepared Ga-NLZO
cells®”®*1% and many others which are similar.®”''"%3
Hence it can be concluded that this Nd based garnet does
indeed possess intrinsically lower ASR values than other (La
based) garnet materials.

These ASR values could, perhaps, be much improved if the
material were able to be processed fully in an Ar glovebox or if
the pressure could be accurately controlled/increased to much
higher values. However, such low resistances intrinsic to
lithium garnets are rare without compromising other desirable
qualities, and if Ga-NLZO were used as a conductive interface
(CI) layer, it could be co sintered with other SSEs (hence not
requiring any additional energy intensive techniques), thus
considerably reducing costs.

Cyclic voltammetry

Before analysing the interfacial stability of Ga-NLZO, the
electrochemical stability window was assessed via cyclic vol-
tammetry, see Fig. 11. Peaks are present at ~0.3 V and ~—0.4
which indicate Li stripping and Li plating respectively, the
small peaks ~1-1.5 V is attributed to Li/Au alloying.** Outside
of this region, the peak profile remains flat with an absence of
redox peaks, thus confirming the stability up to 5 V (vs. Li/Li").
A negligible current response is present throughout the rest of
the voltammogram, indicating low electronic conductivity.
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Fig. 11 Cyclic voltammetry between —0.4 to 5 V vs. Li,/Li of Ga-NLZO
at 1 mV st Small peaks ~1-1.5 V are attributed to Au/Li alloying.

Cell testing - Li stripping and plating

Li stripping/plating were investigated for the assembled sym-
metric cells to assess cycling and ASR stability. The cell was
left on an open lab bench to approximate real world use,
hence small temperature variations were present (between
15-21 °C). The results showed that Ga-NLZO exhibits excellent
cycling stability at room temperature at 12.5 and 25 pA cm ™2,
see Fig. 12. The small fluctuations in the voltage profile relate
to the slight alterations in the temperature, with slightly
higher voltages occurring overnight and lower voltages during
the day. To confirm the voltage stability, a cell was cycled at
50 °C, which shows mostly flat voltage profiles for ~83 hours.
Therefore, no interface degradation is apparent and voltage
fluctuations are due to real life temperature variations.
However, a large voltage drop is present in Fig. 12 when the
current density is increased to 50 pA cm™>, which indicates a
short circuit due to dendrite propagation. This dendrite propa-
gation at low current densities suggest that the reaction
between Li and the Ga dopant must propagate through the
pellet.

To confirm the short circuit, critical current density (CCD)
analysis was conducted on a fresh cell (where CCD is defined
as the maximum current which can be applied to a cell before
dendritic lithium propagation and short circuiting occurs).
CCDs of the lithium garnet systems are thought to depend pri-
marily upon the pellet density (which should be as high as
possible), grain boundary characteristics, conductivity, and the
ASR (which should be as low as possible).>®*1>%1047196 AQR for
this cell was calculated at 95 Q cm?®, pellet density at ~90%
and conductivity in the 0.2 mS em™" range. The cell was left on
an open lab bench where temperature fluctuated between
20-22 °C. As shown in Fig. 13, the cell follows ohmic current-
voltage behaviour up to 50 pA cm™>, at which point a small
voltage drop is noted indicative of a short circuit. The short
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Fig. 12 Lithium stripping and plating of Li/Ga-NLZO/Li cell (a) at
different current densities at room temperature on open lab bench
(between 15-21 °C throughout the day) and (b) at 50 °C to demonstrate
flat voltage profile at controlled temperature.
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Fig. 13 Critical current density analysis, starting at 10 yA cm™2, and

increasing in increments of 10 pA cm™2. A small voltage drop is noted at
50 pA cm~2 which corresponded to short circuit. This was confirmed via
impedance spectroscopy and was analogous the impedance spectrum
found in Fig. 9.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt02474d

Open Access Article. Published on 06 September 2021. Downloaded on 2/18/2022 10:44:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

circuit was confirmed by impedance spectroscopy, giving a
similar Nyquist plot to Fig. 9. Efforts were made to improve
this value by ball milling Ga-NLZO powders for 10 h to
improve particle size distribution post sintering. This gave the
same CCD value. This is indicative of the processes involved in
the low ASR values, which we attribute to the formation of a
Ga-Li eutectic at the grain boundary, propagating through the
SSE during Li stripping and plating. This, therefore suggests
that Ga-NLZO cannot be utilized as an electrolyte on its own
with Li metal anodes, but may find use as a CI layer in con-
junction with another garnet electrolyte.

Therefore, a proof-of-concept Li/Ga-NLZO/Ta-LLZCO/Ga-
NLZO/Li layered cell was assembled and can be found in
Fig. 14. This pellet was prepared and densified via a similar
procedure, which resulted in a dense pellet with fused inter-
faces. The pellet was then analysed via impedance spec-
troscopy with Au electrodes and assembled into symmetric
cells, with the latter demonstrating no mechanical interfacial
issues while sanding to a mirror finish, see Fig. 14. All
Impedance analysis yielded no additional interface contri-
butions, hence indicating well sintered and connected inter-
faces. This symmetric cell demonstrated a low ASR value of
102 Q cm?, similar to Ga-NLZO on its own, with a conductivity
at 21 °C of 2.5 x 107" S em™. The layered cells showed
extended cycling stability, over multiple current densities (up
to at least 100 pA cm ™2, ~500 h), significantly beyond the CCD
noted solely for the Ga-NLZO garnets. The large voltage drop
(indicative of a short circuit) seen for the Ga-NLZO materials
in Fig. 12 is absent from the layered cell data, indicating no
short circuit over the analysed current densities. Hence Ga-
NLZO can be readily co-sintered with other garnets as an inter-
face layer to increase the CCD while maintaining the low ASR
values.

Post cycling analysis

In order to gain more information on the short circuited Ga-
NLZO cells, a short-circuited symmetric cell was disassembled,
and Li metal removed by melting to reveal the pellet surface,
which were subsequently analysed by SEM/EDX and compared
with a freshly prepared Ga-NLZO pellet. As the polishing pro-
cedure does not yield a surface from which SEM/EDX was able
to distinguish any unusual features (see ESIf), the short-
circuited pellet was thermally etched via the densification pro-
cedure used for fresh Nd garnet pellets, with the aim of also
regenerating the pellet. After this heat treatment, individual
grains were well resolved (no mother powder was used). The
SEM images of the pellet surface revealed unusual elemental
clusters, as distinguished from differences in contrast from
the BSE image, with grain boundaries showing clear changes
in morphology, see Fig. 15. These features were largely present
across the entire pellet surface, but were only sparingly present
on fresh pellets prior to cycling, and hence they have dramati-
cally increased post Li metal adhesion and cycling. EDX of
these clusters revealed accumulations of Zr, encased by Nd
surround by Ga plated grain boundaries, see Fig. 15. This
yields evidence of Ga exsolution on the pellet surface, which
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Fig. 14 Li/Ga-NLZO/Ta-LLZCO/Ga-NLZO/Li sandwich cells, where (a)
is the impedance spectrum of a symmetry cell, fit to three R/CPE parallel
components connected in series. Considering the lack of any additional
features in the spectrum only three R/CPE components were used, irre-
spective of the layered structure. Inlay photographs are of the formed
pellet, where purple is Ga-NLZO, and white is Ta-LLZCO. (b) is the Li
striping and plating stability of the cell at different current densities. The
cell was cycled at room temperature on an open lab bench to approxi-
mate real world use during summer (15-27 °C), hence fluctuations in
the voltage profile. These are more noticeable compared to Fig. 12 due
to larger temperature differential, lower voltage troughs occur over-
night, whereas high voltage peaks occur in the day. (c) confirms voltage
stability when cycled at a fixed temperature (43 °C).
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Fig. 15 SEM and EDX images of Ga-NLZO post regeneration, whereby pellet was heated to 1150 °C for 13 hours without protective powder and
placed un-polished onto the SEM stub to examine any surface changes compared to Fig. 4. Al signal is thought to arise from Al stub, or perhaps cru-
cible related Al/Li exchange, as this is the same pellet seen in Fig. 3, where no Al signal was detected.

we attribute as contributing to the low CCD by way of Ga-Li
eutectic alloys.

A cross section of the pellet was examined and some areas
of altering contrast were seen, particularly in Fig. 16, with EDX
demonstrating some corresponding evidence of elemental sep-
aration in some areas. This indicates these elemental clusters
propagate through the pellet and could be related to the
observed low CCD. However, further work is needed to provide
confirmation.

As large quantities of these surface impurities were present,
the pellet was analysed by XRD which showed that it still
appeared to be a mostly pure cubic garnet, see Fig. 17. The
pellet surface (pre thermal etching) demonstrated some small
background peaks corresponding to Ga-Li eutectics, however
these peaks are difficult to resolve due to the weak scattering

13796 | Dalton Trans., 2021, 50, 13786-13800

ability of Li/Ga and will require use of Li sensitive techniques,
such as time of flight secondary ion mass spectroscopy, for
further confirmation.

To provide some confirmation of our hypothesis concern-
ing Li-Ga eutectic formation through Ga exsolution, we exam-
ined the effect of placing Li metal discs in contact with a
Ga,0;3 pellet and heating to 175 °C (1 h) and also left a Ga,03
pellet in contact with the metal at room temperature for two
days. XRD analysis was subsequently undertaken under inert
conditions, with freshly scratched Li metal also analysed for
comparison. Both cases indicated a clear reaction with Li
metal, with the heated sample fully decomposing Li metal into
a black powder. In the heated sample, phases were matched to
both Li,Ga and Li-Ga eutectics (see ESIf). Comparing these
data to the XRD of the Ga-NLZO pellet surface shows corres-

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Side SEM images of Ga-NLZO pellet interior after regeneration. Pellet was measured side on after being broken into fragments. Left image
shows potential area where dendrite propagated, and right image (and corresponding EDX) shows some elemental separation as in Fig. 15. Al signal
is thought to arise from Al stub, or perhaps Al/Li exchange from crucible, as this is the same pellet as in Fig. 3.

—— Ga-NLZO pellet surface
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Fig. 17 XRD of Ga-NLZO pellet surface from symmetry cell with Li
metal removed (prior to thermal etching), and of the pellet powder
taken from re-grinding pellet fragment after regenerating the pellet.

ponding peaks, hence providing some further evidence of a
similar reaction occurring at the Ga-NLZO interface. However,
some peaks are overlapping with garnet, whereas others are

This journal is © The Royal Society of Chemistry 2021

possibly lost in the background, therefore additional work is
required to confirm Ga-Li eutectic formation more absolutely.
But, nonetheless, it is clear that Ga-NLZO garnets present with
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c
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0 2000 4000 6000 8000 10000
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Fig. 18 Impedance spectrum of regeneration pellet (red) overlaid with

a fresh pellet (black), illustrating little change outside a small increase in
temperature.
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exceptionally low ASR values that are intrinsic to the garnet
material, a rare feature.

Finally, the regenerated pellet was sputtered with Au and
the conductivity remeasured to assess the recoverability of the
Ga-NLZO garnet materials after a short circuit event. As shown
in Fig. 18, the pellet was mostly regenerated back to its original
properties, demonstrating a comparable conductivity of 0.2 mS
em™' (20 °C), with the corresponding XRD of the ground
powder displayed in Fig. 17.

Conclusion

In summary, a range of Nd based Li garnet materials have
been synthesised for the first time, with Ga-NLZO in particular
having room temperature ionic conductivity (>2 x 10™* S em™)
similar to La based garnets, despite having significantly
smaller lattice parameters. Ga-NLZO also appears relatively
straightforward to sinter reproducibly, giving pellets with a
high density in lower processing times than equivalent La
based garnets. Significantly, we have demonstrated that Ga-
NLZO enables very low ASR values in contact with Li metal
which remain stable during cell cycling, a feature which is
intrinsic to the garnet material itself rather than requiring
additional coatings. It is proposed this is due to Ga-Li eutectic
formation, which is enhanced by Ga-NLZO due to its much
smaller lattice parameters (compared to Ga-LLZO) increasing
Ga exsolution when combined with Li metal/heating.
Somewhat surprisingly despite the very low ASR value, a com-
paratively low CCD was observed which requires future work to
understand fully, but we propose that it relates to the same Ga
exsolution process which enables low ASR values. Despite this
issue, the high density and low ASR of Ga-NLZO allows it to be
utilized in conjunction with a La based garnet as an interfacial
modification to overcome the latter’s high Li/electrode inter-
facial resistance, whereupon Ga-NLZO would act as a CI layer
between the Li electrode and the garnet electrolyte.

Raw experimental data
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Cubic Phase Transition in Lithium-Garnet Electrolytes**

Mark P. Stockham,* Alice Griffiths,” Bo Dong,” and Peter R. Slater*™

Abstract: Lithium garnets are promising solid-state electro-
lytes for next-generation lithium-ion batteries. These materials
have high ionic conductivity, a wide electrochemical window
and stability with Li metal. However, lithium garnets have a
maximum limit of seven lithium atoms per formula unit (e.g.,
La;Zr,Li,0,,), before the system transitions from a cubic to a
tetragonal phase with poor ionic mobility. This arises from full
occupation of the Li sites. Hence, the most conductive lithium
garnets have Li between 6-6.55 Li per formula unit, which
maintains the cubic symmetry and the disordered Li sub-
lattice.

The tetragonal phase, however, forms the highly conducting
cubic phase at higher temperatures, thought to arise from
increased cell volume and entropic stabilisation permitting Li

~

disorder. However, little work has been undertaken in under-
standing the controlling factors of this phase transition, which
could enable enhanced dopant strategies to maintain room
temperature cubic garnet at higher Li contents.

Here, a series of nine tetragonal garnets were synthesised and
analysed by variable temperature XRD to understand the
dependence of site substitution on the phase transition
temperature. Interestingly the octahedral site cation radius
was identified as the key parameter for the transition temper-
ature with larger or smaller dopants altering the transition
temperature noticeably. A site substitution was, however,
found to make little difference irrespective of significant
changes to cell volume.

J

Introduction

High-energy density, portable and safe energy storage remains
one of the most prevalent issues in modern society. Lithium-ion
batteries (LIB) are amongst the most promising options but are
far from achieving their theoretical performance.” Maximal
energy density of lithium batteries can only be achieved by use
of Li metal anodes, which enable the highest theoretical
capacity (3860 mAhg™') and the lowest electrochemical poten-
tial (—3.04 V vs. the standard hydrogen electrode) of all anode
materials."*® However, current LIB electrolytes (usually LiPF
dissolved in a ethylene carbonate/dimethyl carbonate) are
incompatible with Li metal, present with safety concerns and an
inability to accommodate high V cathode materials. Hence,
electrolyte optimisation, or replacement, is paramount.'*>?

All solid-state batteries (ASSBs) are natural successors to
current LIBs, as they could enable Li metal anodes, wider
electrochemical windows and improved safety.”) However, the
development of a suitable solid-state electrolyte (SSE) has
proved troublesome. To date many oxide and sulphide SSEs
have been studied, but often have a high ionic conductivity or

[a]l M. P. Stockham, A. Griffiths, Dr. B. Dong, Prof. P. R. Slater
School of Chemistry
University of Birmingham
Birmingham B15 2TT. UK
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a wide electrochemical window, but rarely both.**** Finding a
suitable SSE is, therefore, a key challenge to enable the next
generation of energy storage.”

Lithium garnets have emerged as contenders for use as an
SSE, owing to a wide electrochemical window (0-6 V vs. Li/Li™),
chemical stability with Li metal and (in recent years) high ionic
conductivity (>0.1 mScm™).”) These materials, however, form a
poorly conductive tetragonal phase at high Li content (as
outlined below) and suffer from atmospheric H*/Li* exchange
(which ultimately forms insulating Li,CO; passivating layers due
to instability of the Li dopant in high concentrations).” This is
in addition to the common SSE problems of high interfacial
resistance, lithium metal dendrite formation and time-consum-
ing synthesis.®"6207

An ideal garnet has the formula; A;B,X;0,,, where A, B and
X are eight, six and four coordinated cation sites, respectively,
which crystallise in a face-centred cubic structure (e.g.,, A=Mg,
Fe, B=Al, Cr, Fe, and X=Si, Fe, Al, Ga).®*® This structure
comprises BOg octahedra and XO, tetrahedra, arranged in a 3D
framework wherein larger A cations occupy dodecahedral
positions in the interstices.” Lithium ions fully occupy the
tetrahedra 24d site, with 3 Li per formula unit (pfu). Alteration
of A and B sites dopants, such as in La;Zr,Li,0,, (LLZO), enables
up to 7 Li pfu (the upper maximum). However, at this point the
system changes from a highly conductive cubic phase (la3d or
143d, Li content ~6.2-6.55 pfu), with vacant interstitial sites for
ionic mobility, to a system whereby Li sites are fully occupied
and have thus ordered (to reduce short Li—Li distances)."” This
gives a reduction in symmetry from a cubic to a tetragonal cell
(14,/acd) with ordered lithium occupying the tetrahedral (8a)
and distorted octahedral (16f/32 g) sites.Fa80ob<10ab!

© 2021 Wiley-VCH GmbH
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However, these tetragonal Li garnets, such as La;Zr,Li;O,,,
La;Hf,Li;O,, and Nd;Zr,Li;O,, undergo a high temperature
Tetragonal-Cubic phase transition (~700°C), believed to arise
from increased unit cell size and entropy factors."” It would
therefore be of great interest if this transition temperature
could be lowered to room temperature, thus forming a cubic Li,
phase, which should further optimise the conductivity of Li
garnets. This requires a greater understanding of the factors
which influence the temperature of this phase transition, which
is somewhat limited in the literature. Some studies initially
thought this transition occurred ~100-200°C in LLZO but this
was determined to arise from hydration, due to either the direct
insertion of water molecules or through a H*/Li* exchange
mechanism."%'? Therefore, the characteristic, reversible tetrag-
onal-cubic phase transition in LLZO is believed to be 620-
650°C,“***12 while the smaller cell volume La;Sn,Li,O;, (LLSnO)
exhibits a phase transition ~750-800°C.*>'%"" This suggests
that the cell volume is potentially key to dictating the phase
transition.

Dong and co-workers investigated tetragonal garnets of the
formula La;Zr,,Li,Ce,0,, (0<x>0.75) by XRD studies. This
showed a reduction in tetragonality for these Li, garnets on Ce
doping, attributed to the larger ionic radius of Ce**. This
decreased the Tetragonal-Cubic transition temperature to
325°C compared to LLZO suggesting further that increased cell
volume corresponds to lower transition temperatures.*®

However, density functional theory-based calculations by
Chen and co-workers, on tantalum doped systems (Ta-doped
LLZO) and Li positioning changes in the phase transition,
determined the thermodynamic stability of the tetragonal 16f
site ‘blocked’ the formation of cubic LLZO at lower temper-
atures. Ta’* doping was predicted to give octahedral site Li-ion
vacancies which weakened the ‘blocking’ effect of the tetrago-
nal (16f) sites, allowing for lithium-ion redistribution and thus,
lowering the transition temperature."™ These data indicate B
site substitution could play an important role in the transition
temperature, and that the direct relation to cell volume is
perhaps too simplistic. Outside of these reports, work on the
tetragonal to cubic phase transition is somewhat limited.

Herein, nine tetragonal lithium garnets were synthesised;
A;B,Li;O,, (A=La, Pr, Nd) (B=Zr, Hf), La;Zr,,sCey,sLi,O;, and
LaSr,B, Li;O,, (B=Nb, Ta). Both A and B site doping was
undertaken to assess the relative importance of each site on the
transition temperature. These materials were studied by varia-
ble temperature XRD analysis to ascertain if any new insights
could be gained regarding the phase transition. Interestingly,
we determine that, irrespective of A site substitution it is the B
site which is the predominant factor in determining the phase
transition temperature. It is shown that a direct relation solely
to cell volume is too simplistic, rather it is suggested the sites
which dictate the degree of tetragonality, which correspond to
the framework polyhedra, are of higher importance than A site
cations which reside within. Furthermore, the transition temper-
atures identified enabled regression analysis to predict the ideal
octahedral B site radius for a room temperature stable cubic Li,
phase.

Chem. Eur. J. 2022, 28, €202103442 (2 of 9)

Experimental

Solid-State Synthesis

A;B,Li,0;, (A=La, Pr, Nd) (B=Zr, Hf), La;Zr, ;5sCe,sLi;O;, and LaSr,B,
Li;O,, (B=Nb, Ta) were prepared by the solid-state route from
stochiometric quantities of Li,CO; (>99%, Sigma-Aldrich), Nd,O,
(99.9% Sigma-Aldrich), La,0; (>99.9 %, Sigma-Aldrich), PrsO;; (99 %,
Alfa), SrCO5(>99.9 %, Sigma-Aldrich), ZrO, (>99 %, Alfa), HfO, (98 %,
Sigma-Aldrich), Nb,O; (>99.9%, Alfa), CeO,(>99.9%, Acros),
Ta,05(>99%, Alfa). All were synthesised under air except for Pr
based garnets which required treatment under 10% H, to ensure
the formation of Pr**. A 40% mol excess of lithium was added to
compensate for lithium loss during high temperature sintering, this
is more than conventional synthesis but was done to ensure
tetragonal phase formation. All tetragonal garnets were ball milled
for 1 hr with ZrO, balls (500 rpm) with hexane. The powders were
then pressed into 16 mm pellets. Pr samples were the heated to
950°C (12h, 5°Cmin~"). LLZO was heated to 1100°C (12h,
5°Cmin~") and the Nd garnets were heated to 1050°C for (6 h,
5°Cmin~"). All synthesis was done on an alumina crucible. Sr
containing garnets were heated at 700°C (14 h), 900°C (14 h) and
800°C (12 h) (at 5°Cmin~"), the latter of which also required a
further 20% excess Li, illustrating challenges with the formation of
these heavily Sr doped samples. Post sintering, pellets were sanded
in an attempt to remove any Al contamination from the Al crucible.

Characterisation

All samples were stored in an argon glove box to prevent proton-Li
exchange in the garnet. Phase analysis was performed by X-ray
diffraction (XRD) using a Bruker D8 diffractometer with Cu source
from 15-80 20 with a step size of 0.018°. Variable temperature
measurements were conducted in a similar manner on a Bruker D8
instrument equipped with an Anton Parr heating stage from 50°C
up to a maximum of 1000°C in air. Scanning electron microscopy
(SEM) was performed on a Hitachi TM4000plus instrument.
Elemental analysis was undertaken via an AZtecOne X-stream2
energy dispersive X-ray (EDX) spectrometer. Samples were prepared
by applying the powders to a carbon tape and analysed at 15 kV in
backscattered electron mode.

Rietveld Refinement

For each garnet synthesised, Rietveld refinements were performed
in GSAS-II" using room temperature powder X-ray diffraction
(XRD) patterns and variable temperature X-ray diffraction (VTXRD)
patterns (50°C to 1000°C, 50°C increments). All structural models
were obtained from ISCD"®< and atoms altered where required to
give an analogous crystal structure. For Ce-doped LLZO, fractional
occupancies were set to the intended ratio.

Results and Discussion
X-ray diffraction

All nine Li; garnets were first analysed for phase purity at room
temperature, and all were indexed on a tetragonal garnet cell
(14,/acd). Variable temperature X-Ray diffraction (VTXRD) data
were subsequently collected for these garnets up to 1000°C.
This is beyond the common phase transition temperature
(~700°C) but was required to reach the phase transition

© 2021 Wiley-VCH GmbH
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temperature for the Nb/Ta tetragonal phases. This caused some
degradation for some systems; hence the complete reversal of
the phase transition was not observed. Despite attempts to
remove, small amounts of Al contamination remained, see
Supporting Information. However, as the tetragonal cell was
present at room temperature and the observed transition
temperatures are similar to those reports elsewhere, Al is
suggested to have limited impact on the observed phase
transition trends.”"'2'¥

The tetragonal to cubic phase transition is readily noticeable
in the VT-XRD patterns by the coalescence of the split peaks
into sharp, singular peaks. Data were collected in 50°C incre-

La3Zr2Li7O "

IS W O B N VW I
NIV Y0 Y B U B

ments (50°C-1000°C), but were plotted every 100°C for clarity,
see Figure 1 for LLZO (the remaining garnets are available in
the Supporting Information). Near the phase change temper-
ature patterns were commonly biphasic (cubic and tetragonal
phases present) and not used for structure refinements. Rietveld
refinements were performed for all other XRD patterns with cell
volume, cell parameters and A/B site bond lengths studied. An
exemplar refinement (with tabulated data at each temperature)
for LLZO is shown in Figure 2 and Table 1. Although these data
were collected for all nine Li, phases, only LLZO is shown in
detail, whereas Table 2 shows the relevant data for the other
eight phases only at room temperature and the transition
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Figure 1. La;Zr,Li,0,, stacked XRD patterns. Phase transitions are observed at approximately 150 °C and approximately 650 °C.

Table 1. Refinement data for La,Zr,Li,O,,. Values in brackets represent standard errors. Degree of tetragonality is calculated as c/a.
T°Cl Unit-cell parameters Degree of tetragonality Cell volume Phase

a C (A%
50 13.1288(6) 12.6854(6) 0.966 2187.0(25) Tetragonal
100 Mixed tet-cubic phase. Transition occurring. - -
150 13.0762(5) - - 2235.9(25) Cubic
200 13.06019(15) -2 - 2227.7(8) Cubic
250 13.03577(17) - - 2215.2(9) Cubic
300 Mixed tet-cubic phase. Transition occurring. - -
350 13.1257(22) 12.8038(21) 0.975 2205.9(10) Tetragonal
400 13.1383(20) 12.8122(20) 0.975 2211.6(9) Tetragonal
450 13.1775(7) 12.8206(7) 0.972 2226.3(3) Tetragonal
500 13.1892(5) 12.8241(6) 0.973 2230.8(24) Tetragonal
550 13.1942(5) 12.8510(5) 0.974 2237.2(22) Tetragonal
600 13.1929(5) 12.8887(5) 0.977 2243.3(21) Tetragonal
650 13.1057(29) - - 2251.0(15) Cubic
700 13.1167(27) - - 2256.7(14) Cubic
750 13.1275(25) - - 2262.3(13) Cubic
800 13.1390(16) - - 2269.2(8) Cubic
850 13.1522(15) - - 2275.3(8) Cubic
900 13.1639(15) - - 2281.2(8) Cubic
950 13.1756(19) - - 2287.3(10) Cubic
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Figure 2. Observed, calculated and difference profiles for La;Zr,Li,0,, at 50 °C, tetragonal (space group; 14,/acd), R,,,= 9.95 %.

Table 2. Refinement data for all nine Li7-garnet systems studied. Values within brackets refer to standard deviations. (Note lattice parameters and

tetragonality are all based on room temperature XRD data.)

Formula Unit-cell parameters Degree of tetragonality Cell volume Transition T range
a c [A%) [°cl

LasZr, ,5Ce0,5Li;01, 13.1141(1) 12.7432(1) 0.972 2191.6(10) 325-425

La,Zr,Li,0,, 13.1242(6) 12.6791(6) 0.966 2183.90(26) 600-650

Pr,Zr,Li,0;, 12.9783(3) 12.5653(3) 0.968 2116.5(11) 600-650

Nd,Zr, Li,O,, 12.9222(7) 12.5501(7) 0.971 2095.64(29) 600-650

La;Hf,Li;0;, 13.1049(21) 12.6474(19) 0.965 2172.0(10) 650-700

Pr,Hf,Li,O,, 12.9700(10) 12.5417(9) 0.967 2109.8(5) 650-700

Nd,Hf,Li,O,, 12.9101(6) 12.5084(6) 0.969 2085.7(28) 650-700

LaSr,Nb,Li,O,, 13.0752(16) 12.5091(15) 0.957 2138.6(7) 800-850

LaSr,Ta,Li,0;, 13.1431(8) 12.5433(8) 0.954 2166.8(3) 850-900

temperature. Tables 3 and 4 show bond lengths of A—O and
B—O respectively.

The HTXRD was conducted in air as was the synthesis
(except Pr samples), so CO, incorporation is possible. This has
been reported to stabilise the cubic garnet cell at room
temperature by Toda and co-workers, however required 40 h of
heating to form the cubic phase, with only minimal CO, uptake
after 20h (which also corresponded to increased cell
parameters)."™ Therefore, CO, incorporation cannot be ruled
out. However, as all characterisation and sample handling were
conducted similarly (except Pr samples), if CO, were present it
would be in relatively equal, negligible, amounts. This assump-
tion is evidenced by the available reports elsewhere, regarding
phase transition and lattice parameters, being similar to this
work Bk100e14ab8l nfortynately, it was not possible to conduct

Chem. Eur. J. 2022, 28, €202103442 (4 of 9)

Table 3. A site bond length data for all nine Li,-garnet systems studied.
Values within brackets refer to standard deviations. (Note lattice parame-
ters and tetragonality all based on room temperature data.)

Formula A(1)—0 bond length [Al  A(2)-O bond Transition
(average) length [A] T[°Ql
(average)

LasZr, ;sCeprs  2.628 2.604 325-425
Li;0y,

La;Zr,Li,0,, 2.587 2.543 600-650
PryZr,Li,0,, 2.535 2.506 600-650
Nd,Zr,Li,0,, 2.527 2.497 600-650
La;Hf,Li,O,, 2.583 2.539 650-700
Pr;Hf,Li,0,, 2.533 2.503 650-700
Nd;Hf,Li,0,, 2523 2493 650-700
LaSr,Nb,Li,O,, 2.570 2.526 800-850
LaSr,Ta,Li;0,, 2.581 2.537 850-900

© 2021 Wiley-VCH GmbH
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Table 4. B site bond-length data for all nine Li7-garnet systems studied.
Values within brackets refer to standard deviations. (Note lattice parame-
ters and tetragonality all based on room temperature data.)

Formula B(1)—O bond length [A] (average) Transition T [°C]
LasZr, ;5Ceg s LiO, 2117 325-425
La;Zr,Li,0,, 2.113 600-650
Pr;Zr,Li,0;, 2.105 600-650
Nd,Zr,Li,0,, 2.098 600-650
La;Hf,Li,O,, 2.109 650-700
Pr;Hf,Li,O,, 2.102 650-700
Nd;Hf,Li,0,, 2.094 650-700
LaSr,Nb,Li,O,, 2.107 800-850
LaSr,Ta,Li,0;, 2.098 850-900

all experiments fully under inert conditions, nor to transfer to
the HTXRD without air exposure.

Cell volume increased with temperature (Table 1), as
expected, across all the studied Li,-garnets. This increase in cell
volume coupled with the increasing importance of entropic
stabilisation helps to promote disorder and drives the phase
transition from tetragonal to cubic. Two distinct phase
transitions were observed in most studied garnets, one ~ 100 °C
and a second at higher temperature. The phase transition at
~100°C was attributed to H*/Li* exchange, as it was not
possible to completely eliminate moisture. The lower temper-
ature transition was not present in the Pr samples, which were
synthesised under H, adding further evidence of proton
exchange arises from air-based synthesis. The second transition
at much higher temperatures is attributed to the true
Tetragonal-Cubic phase transition. Most samples, after the low
temperature proton exchange transition, had developed a
pyrochlore-type phase (e.g., La,Zr,0,) impurity, which was
removed as the system fully transitioned to the high temper-
ature cubic phase. Although the reason for the temporary
development of the pyrochlore phase is not completely clear, it
is suggested to relate to the proton exchange (particularly
surface bound Li,CO;) not being fully reversed until higher
temperature, at which point the cubic phase is fully formed."”
This is further supported by the Pr phases, which did not
undergo the low temperature phase transition (due to the H,
synthesis) and did not have the pyrochlore impurity.

All A;Zr,Li,O,, (A=La, Pr, Nd) garnets had comparable
phase transition temperatures (~600-650°C). This was a little
surprising given the significant reduction in cell volume across
the series from La—Pr—Nd. In addition to little change in
transition temperature there was also little change to the
degree of tetragonality. Similarly little change was observed for
the A;Hf,Li,O,, (A=La, Pr, Nd) series, although here the smaller
Hf appears to have led to a small increase in the phase
transition temperature to ~650-700°C. Therefore, it appears
that doping on the A site has minimal effect on the phase
transition, hence suggesting a direct relation to cell volume is
too simplistic, as volume considerably reduces across these
series of samples.

In contrast, a comparison of the Zr and Hf samples suggest
an influence of B site doping, and that this effect requires only
a very minimal difference in ionic radius between substituents.

Chem. Eur. J. 2022, 28, €202103442 (5 of 9)

Further support for the effect of B site doping is shown by
comparing further samples substituted on this site, such as the
Ce-doped LLZO and LaSr,B,Li;O,, (B=Nb, Ta) phase. These
showed clear differences in transition temperature, at ~325-
425°C and 800-900 °C respectively (see Table 2), with the lower
transition temperature corresponding to the presence of larger
cations in the B site. In line with the transition temperature
changes, this corresponded to similar (Ce doped LLZO) and
increased (LaSr,B,Li,O,, B=Nb, Ta) degrees of tetragonality. A
small increase in transition temperature was also observed for
LaSr,Ta,Li,O,, compared the LaSr,Nb,Li,O,, which is similar to
the use of Hf over Zr, mentioned above.

Overall the results were in contradiction with the common
consensus; that the primary phase transition driving factor is
the cell volume alone, as B site substitutions alter the cell
volume considerably less than the A site substitutions yet give
substantial differences in transition temperature, see Fig-
ure 3.5k B site substitution in LaSr,B,Li,0,, also corresponds
to larger increases in tetragonality. This indicates the B site
plays a more key structural role in determining tetragonal
distortion than the A site**®' This is logical given the garnet
framework polyhedra of corner linked BOs and XO, units, as
these sites would structurally define the cell more than the
interstitial A site. Therefore, B site substitutions would have a
greater chance of changing any structure-based transition
temperature. This is supported by the results for LaSr,B,Li,O;,
(B=Nb, Ta) and La;Sn,Li,O,, (tetragonality 0.956, transition
temperature 750-800°C"®) whereby large differences in tetra-
gonality (compared to A site substitutions) correspond to
higher transition temperatures. Hence, the cell volume alone is
not the ideal measure of transition temperature, rather the key
numerical indicator could be considered the tetragonality which
effectively mimics the thermodynamic energy barrier to over-
come when transitioning from Li order to disorder.

However, only marginal changes in tetragonality are present
for partial B site substitution with Ce-LLZO, yet significant
changes in the transition are witnessed yet again. This further
indicates the importance of the B site in dictating the temper-
ature. In this respect, although only small changes in tetragon-
ality are noted here, the work by Dong and co-workers
(increasing Ce content up to 0.375) does indeed give noticeable
changes in tetragonality (~0.980). This further suggests the B
site is more responsible for the tetragonal distortion of the
framework of the cell than the A site.™

Analysis of bond distances shows the expected reduction in
A—O bond lengths with the Zr/Hf samples, which correspond to
decreased cell parameters arising from Ln contraction, see
Table 3. A—O distances are marginally smaller for the Hf based
series which corresponds to a slightly higher transition temper-
ature. The bond distances of LaSr,Ta,Li;O;,, which are most
directly comparable in terms of cell volume with La;Hf,Li,O;,,
show very similar A—O bond lengths despite the addition of Sr,
yet show considerable reductions in B—O distances, further
indicating the importance of B site substitution on the garnet
structure.

Hence, this suggests the degree of tetragonality is a more
important indicator for the cell transition temperature, and that
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Figure 3. Room-temperature cell volume versus transition-temperature range, illustrating no clear trend.

this is controlled more by the B site composition, as A site
substituents have much reduced lattice parameters yet the
degree of tetragonality remains similar, as do the transition
temperatures.

The temperature differential becomes even clearer when
octahedral site ion radii versus the transition temperature range

900
800
700
600
500
400

300

Transition Temperature (°C)

200

100

are shown, see Figure 4 and Table 5. This shows considerable
difference in B site substituents compared to the A site (most A
site doping results are superimposed over each other). Figure 4
shows a clear mathematical relationship as per equation 1,
perhaps adding further evidence to octahedral site ion size
being a key determining factor. Regression on Figure 4 yields

0.76 A

T
0.64 0.66 0.68

T
0.70 0.72 0.74 0.76

lonic Radius (A)

Figure 4. Octahedral site ion radii versus transition-temperature range, several ionic radii are similar and thus superimposed. The data was fit using an
exponential function as per Equation (1); data suggests a room temperature cubic phase would require an average octahedral site ionic radius of 0.76 A.
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Table 5. Summary of octahedral site ionic radii for the series of Li,-garnets
studied. (For the Ce-doped garnet, where dual doping on the octahedral
site is observed, a weight averaged value is used for the radius).

Garnet formula Octahedral site ionic radii Transition T range

(Al [°C]
LasZr, ;sCey,5Li,0,, 0.74 325-425
La;Zr,Li,0, 0.72 600-650
PryZr,Li,0,, 0.72 600-650
Nd,Zr,Li,0,, 0.72 600-650
La;Hf,Li,0,, 0.71 650-700
PryHf,Li,0,, 0.71 650-700
Nd;Hf,Li,0,, 0.71 650-700
LaSr,Nb,Li,0,, 0.64 800-900
LaSr,Ta,Li,0,, 0.64 800-900

an extrapolated octahedral site radius which could enable room
temperature (20°C) stable cubic lithium garnet phases with the
average B cation site size at approximately 0.76 A.

y=Yo+ A (1)

Equation (1). Exponential function with rate constant param-
eter which was used for fitting the data in Figure 4.

As such, attempts to increase Ce content beyond the 0.25
reported by Dong and co-workers were made, by employing
dry room facilities. However, this led to Ce based impurities (see
Figure 5), in addition to tetragonal LLZO, similar to the reports
in the work™ As employing larger 4+ ions than Ce is not
feasible, co-doping strategies (such as Y/Nb or Sc/Nb) need to

Intensity (arb. units)

be considered to reach the octahedral radius of 0.76 A. For
example, a garnet with formula of La;YNbLi;O,, yields an
average octahedral site radius of 0.77 A’ This was attempted
by the standard solid-state route. While this did indeed yield a
cubic phase, large Nb, Y and La oxide-based impurities were
present, see Figure 6.

In terms of future work, a further factor that could be
examined to alter the transition temperature is the oxygen site.
This determination of the phase transition temperature via O
site substitution has yet to be explored, although has been
considered as potential room temperature cubic phase stabilisa-
tion prior'”. However, assessment by Cl or F substitution with O
on the phase transition temperature is complex, as high
temperatures can easily remove the halogen dopant forming
more thermodynamically stable by-products. Further correlative
evidence could be found by investigating the transition temper-
ature by changing the XO, sites, this may yield further
confirmation of the controlling factors, but would not necessa-
rily aid in cubic Li, phase formation.

Conclusion

It is suggested that the primary factor in the determination of
the temperature of the tetragonal-cubic phase transition in the
Li,-garnet systems is the B site, which is suspected to arise from
the fact that this cation helps to dictate the garnet framework
structure, in contrast to the A site, which occupies the cavities
within the framework of corner linked octahedra and tetrahe-

——Ce, ,+LLZO

—— Ce,,-LLZO

Figure 5. PXRD patterns for La;Zr,,Ce,Li;O,, (x=0.35, 0.45) attempted by the standard solid-state route, leading to impurities for higher Ce levels. Blue stars

mark the impurities.
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—— 1050 °C

——950 °C

Figure 6. PXRD patterns for La;YNbLi,O,, attempted by the standard solid-state route between 900-1050 °C showing a cubic garnet phase with additional

impurities. Blue stars mark the impurities.

dra. This is illustrated by the fact that octahedral site doping
showed significant changes to the transition temperature,
whereas negligible changes were observed for A site doping.
Changes can be correlated to the degree of tetragonality which
appears to be dependent on B site dopant size, rather than the
cell volume. This work shows that as the degree of tetragonality
of the garnet increases, the transition temperature increases
too. Therefore, it is hypothesized that the octahedral site is
instrumental in determining the tetragonality of the phase, and
hence doping at this site with larger cations is the best method
in lowering the transition temperature. A similar affect could
also be the case for doping in the XO, tetrahedra (which are
also part of the garnet framework) and may help to explain the
stability of Li site doping by Ga/Al and subsequent formation of
the cubic phase.

Further work by neutron diffraction is required to clarify this
relationship more accurately, however, once this phase tran-
sition is fully understood, it is hoped that Li, phases could be
cubic at room temperature, thus enabling a higher conductivity
SSE.
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There is a pressing need for higher energy density, safer batteries for electric vehicles and grid energy storage. The
current consensus is that these batteries need to be replaced with fully solid equivalents, however the discovery of
a suitable solid state electrolyte has proven troublesome. Of the promising materials, lithium garnets are popular
due to their wide electrochemical window, good ionic mobility (>0.1 mS cm™) and compatibility with Li metal.
However, numerous issues remain relating to interfacial resistance, time consuming and energy demanding
synthesis and special handling requirements to ensure the best performing membranes. Of these challenges, little
work has been done on the effect of entropy in the cubic lithium garnet systems, for example by addition of
multiple elements on multiple sites. Such strategies have given interesting results in other areas (e.g. battery
cathodes, metal alloys) and could well enable better performing membranes by increasing the, already high,
disorder and take advantage of the numerous dopants reports which often singularly enable favourable properties
(such as increased density, higher conductivity, lower interfacial resistance). Herein we test the compositional
flexibility of the lithium garnet system with a 9 (Gaglis7sLlagsNdgsNbgesCeo1Zr1Tip25012) and 11
(Gay oLis 7sLagz sNdg sNbg 35Tag 3Ceq 1Zro.75Hfo 25Tip 25012) element system. Surprisingly, we did not find the limit
of the garnet system, rather it was shown that (outside of the stoichiometric weighing) these systems were easy to
synthesise, had high room temperature conductivity (0.2 mS cm™), and high density even when processed in air.

1. Introduction analysed (ranging from sulphides and oxides) most have either poor ionic

conductivity or a narrow electrochemical window. Further challenges are

Lithium solid state batteries are considered the holy grail of energy
storage, encompassing higher energy densities and increased safety
compared with conventional battery systems [1-7]. This, therefore, is
thought to enable the ability to meet the power demands of modern
society, especially in relation to electric vehicles and effective grid energy
storage. Lithium-ion batteries (LIBs) are the energy storage system of
choice, however currently they have significant drawbacks relating to
electrolyte toxicity and flammability (commonly LiPFg in
carbonate-based solvents). These electrolytes also give narrow electro-
chemical windows and lead to dendrite growth issues with Li metal an-
odes [1,2,8-10]. The electrolyte, however, remains the only component
left to be replaced with a solid counterpart, and its replacement is the
primary challenge in realising the next-generation energy storage [5,
11-13].

The replacement of the electrolyte with a solid equivalent has proved
exceptionally challenging, and of the available inorganic materials

also observed amongst these systems, with harder (oxide) materials
exhibiting poor solid-solid contact at the electrode/electrolyte interface,
while softer (sulphide) materials have better contact but have lower
upper voltage stability along with extreme moisture sensitivity. Solid
state electrolytes (SSE) also have complex, often non-scalable, synthesis
strategies and are commonly analysed in a pellet type form which is of
little commercial use. Hence, much work is still required.

Of the available SSEs, lithium garnets have seen high interest within
the research community. Lithium garnets offer high conductivity (>0.1
mS em™), a wide electrochemical window and chemical compatibility
with Li metal. However, garnets are time consuming to synthesise and
purify, need special requirements to obtain the highest performing
membranes, suffer from high interfacial resistance (a large portion of
which relates to Li*/H" exchange) and have had issues transitioning to
the thin film regime [14-20]. Of late, there has no reports, to our
knowledge, of new high entropy garnets (HEG), which are designed to
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maximise disorder and increase performance, thus opening new engi-
neering approaches to garnet battery challenges.

A typical lithium garnet is cubic with space group Ia 3 d, such as
LisLagNbyOq2, with the exception of Liy yGayLagZryO15 (Ga-LLZO) which
is thought to adopt 14 3 d type symmetry [21-24]. Li content needs to be
> 5 per formula unit (pfu) to form a highly conductive garnet system but
must remain <7 Li pfu to maintain the cubic structure. Those systems
with 7 1i pfu, such as LiyLagZry0;5 (LLZO), form the thermodynamically
stable 14;/acd system which is poorly conductive due to Li ordering
reducing charge carrier mobility [21,25,26]. Therefore, most garnet re-
ports concentrate on Li contents between 6 and 6.6 pfu, with aims to
increase Li content in Lis based systems or Li removal with Liy systems.
This is usually seen in the form of Lis 4LagBs xM;O15 (B = Nb, Ta, Zr, Hf,
M = Pr, Ce, Ti, Ta, Nb) or Liy yMyLa3B3012 (M = Al, Ga, Ge, B = Zr, Hf)
[14,19,27-34]. Such strategies maintain the disordered Li sublattice and
hence high conductivity [21].

Cubic lithium garnet systems, especially those with high Li content,
may be considered highly entropic systems due to the Li disorder. It is,
therefore, logical to conclude that increased entropy, via multiple dopant
addition to several sites, may improve performance. In other areas, there
are reports of high entropy alloys (> 5 elements), where such strategies
can lead to materials with exceptional mechanical, magnetic, and elec-
trical properties [35-44]. Such increasingly complex solid solutions were
initially suggested to be stabilised by the entropic contribution to the
total free energy and thus overcoming the enthalpic contribution [38],
although it is now thought to be somewhat more complex [39]. The high
entropy approach has also recently been explored with high entropy
cathode materials (batteries and solid oxide fuel cells) which show
increased capacity, improved ionic transport and superior rate capability
[45-48]. This, therefore, shows the applicability of this approach to the
energy storage field which could be, perhaps, quite a harmonious strat-
egy if used with something as disordered as the cubic lithium garnets —
whereby the deliberate entropic increases could be considered energet-
ically favourable.

Herein we apply these concepts to lithium garnet materials with the idea
that deliberate entropic increases could enable better performing garnet
materials. This work aims to test the compositional flexibility of the garnet
systems to enable strategic exploitation of numerous favourable dopant
properties (e.g. increased density, improved conductivity) simultaneously.
We designed two garnet systems based upon the commonly reported dop-
ants elsewhere, with Zr (primary component of most garnet research), Nb
and Ta (from the first garnet electrolyte report) [49], and Ti (Li dendrite
suppression) [50]. We also encompass our prior work with Ce (increased
conductivity, lower interfacial resistance), Ga/Nd (low interfacial resis-
tance, high density) and Hf (possible increased electrochemical stability
compared to Zr) [32,51-55]. Ga was also added to promote a symmetry
alteration to the acentric 14 3 d space group, as the exceptional performance
of Ga-LLZO has been suggested to arise from the unique symmetry [24].
This, however, reduced Li content to 5.75 pfu (efforts to form a Gag 1 5 system
and so prepare a Lig g5 system were unsuccessful, see SI). The synthesised
formulas were Gao_2L15,75La2_5Nd0_5Nb0,65Ce0_1ZrlTio.25012 (HEG]) and
Gag Lis 75Laz sNdg sNbg 35Tap 3Ceo.1Zro.75Hfo 25 Tip.25012 (HEG2).

These materials, despite their considerable complexity, were easy to
synthesise (outside of weighing of the chemicals) and showed good
conductivity of ~0.2 mS cm™! at room temperature, an impressive figure
for a garnet system with less than 6 Li per formula unit and shows the
dopant incorporation is favourable. This shows the tolerance of the
garnet system to considerable doping strategies beyond the common
single or co-doped route, the latter of which has already been suggested
optimal for Li garnet performance due to multiple site disorder [56].
Given the success, there are multiple possible modifications that can be
made in the future. It is hoped such strategies will open up new possi-
bilities and enable fresh approaches to the engineering challenges of solid
state batteries.
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2. Methods
2.1. Synthesis

HEG1 and HEG2 were prepared via the solid-state route from sto-
chiometric quantities of LipCO3, Nd203, LayOs, NbyOs, TayOs, ZrOa,
HfO,, TiO3, CeOy and Gay0Os in air. A 40% mol excess of lithium was
added to compensate for lithium loss during high temperature sintering.
All powders were ball milled for 1 h with ZrO, balls (500 rpm) with
hexane. The powder was then removed, dried and heated to 950 °C (12
h) at 5 °C min’.

2.2. Characterisation

Scanning electron microscopy (SEM) was performed on a Hitachi
TM4000plus instrument. Elemental analysis was undertaken via an
AZtecOne X-stream?2 energy dispersive X-ray (EDX) spectrometer. Sam-
ples were prepared by applying the powders to a carbon tape and ana-
lysed at 15 kV in backscattered electron mode. Phase analysis was
performed by X-ray diffraction (XRD) using a Bruker D8 diffractometer
with a Cu X-ray source, with a step size of 0.02° and a total scan time of
12h. Experimental pellet densities were determined gravimetrically and
compared to theoretical values from Rietveld refinement results (per-
formed using the GSAS II software) [57].

2.3. Impedance spectroscopy

HEG1 and HEG2 were pelletised and densified in a dry room with a
dewpoint between —45 °C and —64 °C (the elimination of humidity is
known to be beneficial for high quality samples as moisture is an issue
with Li garnet systems) [58-60]. Pellets were prepared as follows:
approx. 10 mm diameter pellets were pressed to ca. 1.5 tonnes and
heated to 1150 °C for 13 h (2°C min_l). Sacrificial powders were used to
protect pellets from Al contamination from the Aly,O3 crucible.
Post-sintering, the pellets were polished and sputtered with Au for room
temperature impedance spectroscopy measurements, which were per-
formed with a Solartron 1260 impedance analyser from 1 Hz to 10 MHz
with a 20 mV potential. All variable temperature measurements were
undertaken from 25 to 117 °C. Variable temperature measurements
required painting the pellet with Au electrodes and attaching of Au wires.
The pellet was then heated (in air) to 800 °C (1h) to cure the Au paste.
The pellets were then air quenched to room temperature from >700 °C
(to limit H /Li*™ exchange [61-63]).

2.4. Cell assembly

All cell tests were performed on a biologic SP50 instrument. Li| HEG|
Li symmetric cells were assembled in an Ar glove box. Pellets (~1 mm
thickness) were polished using silicon carbide sandpaper from 240 to
4000 grit, then lithium metal foil was applied to each side of the pellet.
The cell was then heated to 175 °C under a constant pressure for 1 h
using a steel 3-way G clamp (see SI) and were secured under light
pressure via hand tightening the clamp. The cell was subsequently
secured in a MTI split test cell. Cells were examined via impedance
spectroscopy before cell testing from 10 MHz to 0.1 Hz with a 20 mV
potential on a Solartron 1260 impedance analyser. These symmetric
cells were then cycled under constant current conditions at various
current densities to assess cycling stability at 30 °C in a Genlab classic
oven. Each cell cycle was 30 min (15 min each for Li stripping and
plating), with a 10 s rest in between. At the lowest current density (12.5
HA cm®) the cell was cycled 200 times. At all other current densities
cells were cycled 300 times. The temperature was monitored addi-
tionally via a Fluke 51 II external thermocouple.
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3. Results and discussion
3.1. X-ray diffraction

The PXRD patterns of HEG1 and HEG2 are available in Fig. 1 and both
were assumed to adopt the Ia 3 d type symmetry, although some small
peaks were present in the latter ~22 0. This peak was not well resolved
and absent within HEGI1, hence is ascribed to minor amounts of
unreacted Li,COs, Therefore, both phases were assumed to be Ia 3 d. Both
systems demonstrate near phase pure symmetry, with some very minor
background peaks present especially in HEG2, see Fig. 1. These relate to
small Li-Ti-O and Li-Nb-O based impurities, however, when the mate-
rial was heated to densify the pellet, these were readily removed and
gave phase pure garnet material. This, therefore, indicates slightly longer
sintering times are required for the powder. See Fig. 2.

Rietveld refinements were based upon the structural model from
Hamao et al. (Ta-LLZO) [64]. The 14 3 d model from Wagner et al. was
also considered for the HEG2 pattern but the R factors were similar, so in
the final refinement the former model was used for both [24]. The sim-
ilarities in scattering factor on both the Ln site (La, Nd) and, for the most
part, the B site (Ti, Zr, Nb, Ta, Hf, Ce) preclude the possibility of refining
fractional occupancies. Although Ti and Ce are noticeable exclusions and
could be refined, the inability to assess which corresponding B site
element changes makes this impractical. Therefore, all elements were set
to their intended ratios and not refined further. An example refinement is
available in Fig. 3.

Lattice parameters for both systems were smaller than reports of other
cubic garnet systems, such as. Ga/Al-LLZO (~13 A) or Ta-LLZO (~12.94
A) This corresponds to Ln contraction arising from Nd substitution, see
Table 1. HEG2 has an especially high relative density (94%) which is
suspected to arise from the Ln contraction and the Ga dopant, as we have
shown prior [51]. This, therefore, confirms dopant property exploitation.
HEG1, however, is somewhat lower (88%). This could indicate that
density has increased with increased entropy, but perhaps is more likely
related to the Ta and/or Hf dopants in HEG2. A more accurate under-
standing of such complex systems will not be a trivial task and will
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require synchrotron-based techniques and/or neutron diffraction, to
more fully understand how substitution to this level affects the local
structure.

XRD of HEG2 in pelletised form confirmed annealing removed the
small impurities, as marked in Fig. 1. The XRD pattern showed formation
of a phase pure product, with Rietveld refinements showing a small in-
crease in lattice parameters to 12.8772(1) A. Hence the minor back-
ground peaks are thought to relate to insufficient sintering time and
unreacted LipCOs. This was confirmed when HEG2 was re-synthesised
and shown to require 14 h at 950 °C for phase purity, see SI. This is
somewhat surprising as even singularly doped garnets (such as Al-LLZO,
Ga-LLZO and Ta-LLZO) often suffer from synthesis strategies that require
multiple grinding and heat treatment steps. Whereas HEG1 and HEG2
were pure immediately and on the very first synthesis (and remained
easy to form upon repeat). It is, therefore, shown that compositional
complexity of the garnet system aids in synthesis, however, comes at the
cost of arduous weighing of the chemicals. Furthermore, with HEG1,
attempts were made to reduce Ga content to 0.15 pfu and so prepare
Gag sLis 75Lag sNdg sNbg 65Ceg 1Zr1 Tig 25012 (HEG1A). This was unsuc-
cessful, showing multiple unknown impurities which were unable to be
removed by further regrinding and heating, see SI

3.2. SEM/EDX

The phase pure powder and pellet were subsequently analysed via
SEM and EDX to assess elemental composition. Considering the similar-
ities between the two systems only the more complex of the two was
analysed, HEG2. The samples were analysed on a carbon tape in sec-
ondary electron mode (pellet), see Fig. 4. The EDX shows a mostly ho-
mogenous elemental distribution, with all elements detected (excluding
Li) across the analysed sample. The EDX data suggests some areas of
increased Ga concentration, which is in line with our own work on
Gag oLie 4Nd3Zrp0145 [20,51], indicating further dopant exploitation will
be achieved when assessed in symmetry cell format (see later) [52,65].
Outside of this, no Al contamination from the Al;O3 crucible was
detected, despite no protection during sintering. Back scattered electron

o
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9 4
=
J —— HEG1
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I v I v I I s I g | ! |
20 30 40 50 60 70 80
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Fig. 1. PXRD patterns of HEG1 and HEG2, minor background impurities marked with stars and relate to Li based impurities which were removed upon annealing or
sintering for 14h (rather than 12h). See SI. Both phases were indexed on Ia 3 d type symmetry.
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Fig. 2. PXRD pattern HEG2 post pellet densification at 1150 °C, showing removal of minor impurities the phase was indexed on Ia 3 d type symmetry and had a small
lattice parameter increase when compared Fig. 1. Although an additional peak remains which could indicate 14 3 d type symmetry refinements based on either crystal

system yield highly similar lattice parameters, hence only Ia3 d results were tabulated.
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Fig. 3. Example Rietveld refinement of HEG2 based on the structural model of Ta-LLZO from Hamao et al. [64].
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Table 1

Rietveld refinement and impedance spectroscopy data. Conductivity values for
HEG] take into consideration the additional grain boundary buried contribution.
Further information on the calculation of capacitance and fitted values can be
found in the SI

Sample  Lattice Giotal (MS Courc (F/ & Cgn(F/ Prel
parameters (A) cm™) cm) cm) (%)
HEG1 12.8624(2) 0.1 5.2 x 10 59 8.5 x 88
12 108
HEG2 12.8720(3) 0.2 47x100 53 - 94

12

Zr Lal

100pm

La Lal

Hf Mal
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images and EDX images of the powder are available in the SI, these show
more prominent Ga dopant exsolution.

3.3. Impedance spectroscopy

HEG1 and HEG2 were Au Sputtered and analysed via impedance
spectroscopy at room temperature (25 °C) to assess conductivity. Nyquist
impedance plots for both samples are shown in Fig. 5a and b. For the less
dense HEG1 (Fig. 5a) a clear bulk response is present, however there is a
partially buried second response, likely relating to the grain boundary
resistance. This is evidenced by the equivalent circuit, which required

Nd Lal

| a———|

100um

Ta Mal

| r-——— |

100pum

Ce Lal

100pum ! 100pm
Ga La1,2 O Kal

| T | | —— |

100pm

Fig. 4. SEM and EDX of HEG2 pellet surface, showing a relatively homogenous elemental distribution of HEG2 with some areas of higher elemental concentrations,

particularly Ga.
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Fig. 5a. HEG1 Nyquist plot at 25 °C demonstrating buried grain boundary contribution. This was fit to the equivalent circuit in the top left.
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Fig. 5b. HEG2 Nyquist plot at 26 °C demonstrating buried grain boundary contribution. This was fit to the equivalent circuit in the top left and demonstrated

overlapping bulk and grain boundary responses.

two parallel R/CPE components (connected in series) to accurately model
the system. The denser HEG2 system, by comparison, did not demon-
strate any additional contributions, instead fitting to a single R/CPE
component in parallel, which corresponds to overlapping bulk/grain
boundary contributions, see Fig. 5b. The tail corresponds to the Li
transfer resistance at the sample/electrode interface. This arises from the
Au which blocks Li diffusion and corresponds to capacitive behaviour
due to the formation of space-charge layers. The inductive element is
present due to limitations of the setup and has been noted elsewhere in
the high frequency range with SSEs [27].

The presence of an additional buried contribution is clearer when the
phase angle plots are considered, see Fig. 6a and b. In the high frequency
range of both HEG1 and HEG2 a phase angle ~85° is present, which
resembles the capacitive behaviour expected within this region (where
ideal is 90°). However, a considerably different response is observed in
the medium frequency range for HEG1, which has a phase angle of ~65°.
This indicates a significant deviance from the expected capacitive
behaviour and further indicates a partially buried contribution within the
Nyquist plot. These observations are supported further by the spectro-
scopic C plot. For both phases high frequency plateaus are present with
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1—>— HEG1
-30 {—>—HEG2
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Fig. 6a. Bode plot showing the dependence of phase angle of the two systems, with HEG1 showing considerably difference in the mid-frequency region corresponding

to the additional grain boundary response.

10°

10 10° 10’ 10° 10° 10* 10° 10° 107 108
Log f/Hz

Fig. 6b. Spectroscopic C plot showing high frequency plateaus which in the pF cm™ range which correspond to a bulk oxide response. HEG1 shows additional features
~1000Hz relating the grain boundary component.

capacitance values in the pF cm™ range. This gives dielectric constants Table 1 [27,58,66]. HEG1, however, has an additional contribution in the
between 50 and 60 (based upon the permittivity of free space of 8.854 x mid frequency region giving capacitance values in ~10° F em™ range,
10 F em™). Hence the capacitance values and dielectric constants indicating a grain boundary response. Therefore, the well resolved
correspond to the range expected for bulk oxide responses, see Fig. 6 and semi-circle for HEG1 in Fig. 5a likely corresponds to the bulk response
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(0.2 mS cm™), with the buried contribution being the grain boundary.
Therefore, total system conductivity of HEG1 is ~0.1 mS cm’), see
Table 1 and SI for fitted values. The presence of the grain boundary
contribution on Fig. 5a is attributed to the decreased density of HEG1
(88%) compared to HEG2 (94%).

The conductivity of both phases falls with ~10 s ecm™, with HEG2
being slightly better at 0.2 mS cm™. These are impressive values
considering there is only Lis 75 pfu. Such results are greater than many
other, similar, systems and is on par with lithium garnets with larger unit
cells and more Li content thus further supporting the favourable prop-
erties of increased entropy [27,67-71].

HEG2 was noticeably denser than HEG1, and thus more conductive,
hence was analysed further via variable temperature measurements
(26-117 °C) to assess activation energy, see Fig. 7. In this case the pellet
was painted with Au paste and Au wires attached, as per the methods
section. The expected linear dependence was observed and corresponded
to a calculated activation energy of 0.33 eV. This is similar to other
garnets, therefore indicating the high entropy approach does not alter
activation energies. This suggests the hopping pathway is independent of
entropic contributions arising from extrinsic defects. Total system con-
ductivity at 103 °C was 3 mS cm™.

3.4. Symmetrical cell testing

HEG2, being the higher performing system, was subsequently analysed
in symmetrical cell form, firstly to analyse the interfacial resistance then to
assess galvanostatic lithium plating and stripping stability. Post cell as-
sembly they were analysed via impedance spectroscopy at 20 and 30 °C.
The associated Nyquist plot is shown in Fig. 8. The area specific resistance
(ASR) for HEG2 was 244 Q cm?at20°C (144 Q cm?at 30 °C). These values
are lower than our prior reports for Ce-doped LLZO, which suggested
partial interfacial Ce reduction led to ASRs of 380  cm?, but higher than
Gag oLig 4Nd3Zry015 (67 Q cm? at room temperature). This may indicate
the reduction of ASR with Ce is being enhanced via the Ga and Nd dopants.

The HEG2 symmetric cell was, subsequently, subjected to lithium
stripping and plating at 30 °C to assess cycling stability at different
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Logo /S cm

Journal of Solid State Chemistry 308 (2022) 122944

current densities, see Fig. 9. HEG2 showed excellent cycling stability with
mostly stable voltage profiles over an extended period up to at least 150
A cm2. Although some variations in voltage at 150 pA cm2 are present,
no large drop in voltage is observed indicative of a short circuit. This
shows the HE approach does not compromise the cycling stability of the
lithium garnet materials. Furthermore, we reported previously that
Gag 2Lie 4Nd3Zr2015 forms a short circuit at 50 pA cm? but enables low
ASR values (67 Q cm?) and a high (94%) density. However the strategic
use of Ga (0.2 pfu) and a smaller amount of Nd (0.5 pfu) in HEG2 has
enabled much higher current densities while maintaining the favourably
high densification and reduction in ASR values previously reported for
Gag oLi 4Nd3Zry012, however does so at the cost of Li content due to Li
site substitution with Ga and maintaining of charge neutrality [65].

4. Conclusions

In summary, we have shown that lithium garnet materials are very
flexible to multi-site dopant strategies, with such dopants enabling
relatively easy synthesis despite the elemental complexities involved. We
have shown that Li garnet materials can not only handle multiple site
substitution simultaneously, but that these sites can also handle several
elements at the same time. Although this system is time consuming to
weigh out stoichiometrically, the decreased dependency upon a single
element could also be economically beneficial. It was also shown that the
increased complexity of the garnet system aids in forming of the pure
phase, with HEG1 and HEG2 consistently requiring no additional heating
steps. It would be of interest to lessen the number of dopants to see if a
lower limit can be reached which still enabled such consistency. It would
also be of interest to employ more Ln site dopants, such as Ba or Sr to see
what properties could be gained from complex Ln site substitution (in
addition to increased Li content). An argument arises that Ta and Nb
content could be much reduced (therefore increasing Li content) and
replaced with increased Ti, as reports suggest dendritic suppression with
this dopant [50] whereas use of Fe (on the Li site) has also been shown to
alter the garnet symmetry to 14 3 d. The use of multiple high entropy
approaches to produce graded/layered garnet phases, which enable

2.6 2.8

T
3.0 3.2 34

1000/T (K™)

Fig. 7. Arrhenius plot for HEG2 from 26 to 117 °C. Plots show a linear dependence and correspond to an activation energy of 0.33 eV.
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Fig. 8. Li/HEG2/Li symmetrical cell impedance plots at 20 and 30 °C, where the ASR is 224 and 144 Q cm? respectively. Plots are scaled representative the area
between the garnet and Li metal, therefore are in ohm cm?, however conductivity values are similar to what is seen in Fig. 5b.
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Fig. 9. Li/HEG2/Li symmetrical cell under galvanostatic cycling at 30 °C, indicating mostly flat voltage profiles and excellent cycling stability at several cur-

rent densities.

different properties at the electrode interface (such as a low ASR) could
be a possibility, as would an investigation to see if the high entropy
approach is beneficial to use in thin films.

Much work is needed to understand this class of lithium garnets. This
cannot be done easily, as the multi-element approach will make dis-
tinguishing of structural information a non-trivial task. However, the
primary purpose of this work was to demonstrate the possibility of high
entropy garnet systems and to push the understanding of the composi-
tional flexibility of these materials. We have additionally shown that

these systems show very good conductivity when compared with other
garnets with increased Li content and larger lattice parameters. It was
also shown that HEGs can exploit a variety of individual dopant prop-
erties simultaneously, opening new pathways toward solid state elec-
trolyte engineering.

It is hoped that the exploitation of entropy will enable both better
performing materials and provide the basis for more adventurous
element combinations. This will allow exploitation of numerous dopants
simultaneously, whereupon many are reported to enhance a singular
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property (e.g. conductivity, density, interfacial resistance) yet are sel-
domly used in conjunction. Although the limits of the garnet system have
been tested, they have by no means been found. Therefore, there is little
reason why further substitution with elements such as Pr, Zn, Ge, Sn, W,
Y, Sr and so forth cannot also be considered, with such a strategy possibly
being exploited to engineer these materials to achieve optimal
performance.
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10. Summary and Conclusions

Considerable efforts have been afforded toward developing an SSB, most of which is dedicated toward
the discovery of a suitable SSE. In this thesis lithium garnet materials were studied with respect to
dopant properties. Additionally, the tetragonal-cubic phase transition in these systems was studied

further.

In Chapter 5, Pr doping into LisLasNb,01, was studied with LisixLasNb2xPr«O12 and LisLasxPriNb,01. For
the latter, the larger Pr** dopant (compared to Nb>*) increased lattice parameters over LisLasNb,01,,
which also increased Li content. LisglasNbi,Pros012 had o021:c of 0.41 mS cm™. This is the highest
reported oy of any garnet material with < 6 Li pfu. Furthermore, Pr demonstrated ambisite substitution,

being hosted on either the La or Nb site in the 3+ and 4+, states respectively.

Hf garnets were studied in chapter 6, with the aim of confirming prior modelling predictions of
increased electrochemical stability compared to LLZO type systems. Here a water-based approach was
used to form LLHO and Ga-LLHO. This enabled a low synthesis temperature of 700°C (also shown
applicable to LLZO systems). Al-LLHO was also made by this route, but higher temperatures were
required (950°C). Furthermore, results indicated Cl doping of the LLHO system via the synthesis
process, although this was removed during densification. Ga-LLHO was assessed for electrochemical
stability by lithium stripping and plating experiments in lithium symmetry cells. It was suggested that
the CCD of Ga-LLHO could exceed Ga-LLZO, although further confirmatory work is required. Therefore,
the Hf based (or mixed Zr/Hf) garnets merit further investigation, albeit this presents a commercial

challenge due to the higher cost of Hf.

Chapter 7 investigated the Nd based garnets: LisixLasNb,-xZriO12 (0 £ x > 2) and Lig.4Gao2/Alo2Nd3Zr,01,.
Focus here concentrated on enhancing Ga dopant instabilities in the garnet system (by increased
lattice strain from Nd substitution compared to La) and assessing its effect on interfacial resistance
with Li metal. It was found that the Nd garnets were easy to synthesise, however only Ga-NLZO had
appreciable performance (020°c of 0.2 mS cm™), despite the much-reduced lattice parameters arising
from Nd site substitution. This was attributed to the high relative pellet density (93%) achieved for
these systems. Ga-NLZO was then examined in Li symmetric cells whereupon a low ASR value of (57 Q
cm?) was found. This was attributed to a reaction between Li metal and Ga arising from dopant
exsolution, which was supported by SEM, EDX and XRD on post-cycled pellets. It was also suggested

that the Ga exsolution propagated along the grain boundaries, which gave a low CCD of 50 pA cm™.
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Therefore, a proof-of-concept sandwich cell (Li/Ga-NLZO/Ta-LLZCO/Ga-NLZO/Li) was constructed, which
confirmed Ga-NLZO can act as a Cl with another garnet system (with a higher CCD). Therefore, Ga-NLZO can
possibly be used as an interfacial layer to reduce ASR with Li metal. Li/Ga-NLZO/Li pellets were also shown

to be recyclable by reheating.

In chapter 8 the tetragonal-cubic phase transition of lithium garnets was studied, where nine different
garnet systems were synthesised. It was shown that a direct relationship between the transition
temperature and cell volume (larger volume giving lower temperature) was too simplistic, and the phase
transition appeared to be dictated more by the size of the octahedral B site than the dodecahedral A site.
The average B site cation size showed a clear relationship to the transition temperature and was modelled
mathematically, this predicted the ideal octahedral cation radius to enable a room temperature stable Li;

garnet phase.

Chapter 9 introduced the concept of high entropy lithium garnet systems, which used numerous beneficial
dopants simultaneously in a garnet system. Surprisingly, outside of precursor weighing, these systems were
easy to synthesise. Both synthesised garnets showed good performance, however
Gao.sLis.7sLa2.sNdo.sNbo ssTap3Ceo.1Zro.7sHfo.25Tio 25012 demonstrated high conductivity, high density, low
ASR and excellent cycling stability. This work was aimed at testing the compositional flexibility of the garnet

system, and has shown considerable possibilities are yet to be realised.
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11. Future Work

This thesis has shown numerous dopant properties in the lithium garnet system have remained
unexplored. Considering the large number of elemental combinations yet to be discovered, many
advances into lithium garnets could be forthcoming if the breadth of the periodic table was used. Some

more specific areas for future work, based upon this thesis, are discussed below.

The use of a water-based method is highly promising for garnet materials, as other sol-gel type
methods require various solvents and polymerisation agents which increases overall cost, production
complexity and emissions. Therefore, further investigations seeking temperature reductions and
examining scalability are required. It would also be of high interest to process Ga-LLHO in a similar
manner to the best performing Ga-LLZO, (fully under Ar). This would allow a more accurate
comparative assessment of the CCD between the two phases and confirm if the Hf garnets offer
improved electrochemical stability. Furthermore, use of neutron diffraction is required to establish of

Ga-LLHO has la3d type symmetry or if the cell should be indexed on /43d, as is the case for Ga-LLZO.

Ideally lithium content in garnets needs to be as high as possible but remain low enough to ensure the
cubic symmetry is maintained. It would, however, be ideal if a room temperature lithium garnet could
accommodate 7 Li pfu. In this work an ideal octahedral cation radius was proposed to enable this, and
attempts were made to form such a system with LisLasZr,.«CexO12 (x = 0.35, 0.45) and LasYNbLi;O13.
These were unsuccessful by conventional muffle furnace sintering in air. This warrants further
investigation by other dopants to see if a cubic Li; system is possible, particularly as the inability to
form these materials with any ease potentially indicates more, unknown, factors in the garnet

tetragonal-cubic phase transition.

The high entropy garnet systems were a proof-of-concept and primarily aimed at examining the
compositional flexibility of the garnet systems. However, this work proved that very complicated
lithium garnets can form with ease, while the performance (especially for a system with an Li content
of 5.75 pfu) was high. Therefore, an investigation into a lower limit of elements could be undertaken
to simplify the approach. For example, Ta and Nb could be reduced (therefore increasing Li content)
and replaced with increased Ti. Furthermore, much of the HEG work concentrates upon B site
elements, yet the Ln site has equal dopant potential with elements such as Ba, Ca or Sr (and many
more). Complex La site substitution (in addition to increased Li content) could yield unknown benefits.
The use of multiple high entropy approaches to produce graded/layered garnet phases, which enable

different properties at the electrode interface (such as a low ASR) could be a possibility, as would an
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investigation to see if the high entropy approach is beneficial to use in thin films. Anin-depth structural
investigation with a range of characterisation techniques (such as XAS, XPS, NMR, neutron diffraction,
single crystal XRD and pair distribution function) could reveal the structural effect of site substitution

to this level, while also confirming if the Ga dopant had altered the garnet symmetry to /43d.
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12. Appendix

12.1. APPENDIX 1 — ARRHENIUS EQUATION DERIVATION

—E,4
o= Aexp(ﬁ)

Hence:
_Ea
Logo = RT Logipe + LogA
Where:
L _ Log.e 1
0910e = 15000 2.3026
Therefore:

L —( —Ea )1+L A
099 = \23026rR) T T "9

Hence a plot of logo vs 1/T gives a slope of:

_Ea __ slope (J mol™1)
2.3026R

However, 1000/T is more commonly used to give the slope in kl mol?, hence:
E, = slope x 2.3026 x 8.314 k] mol-!

Yet E, is more commonly quoted in eV, where 1 eV = 96.4869 kJ mol™?(1.602 x10™*° J x 6.02 x10% mol?)
so:

2.3026R)

Eq = Slope (96.4869

Whereby the bracketed term in the equation above is equal to 0.1984 and is the gas constant (8.314 |

moltk?).



193

12.2. APPENDIX 2 — DRAFT PUBLICATION

12.2.1 Reactive sintering of LigsLasZriNbgsCeo2sTio25012 for high density lithium garnet electrolytes
with anti-dendritic healing properties.

Article information : M. P. Stockham, B. Dong, M. S. James, P.Zhu, E. Kendrick and P. R. Slater.

To Be Submitted: 30/04/2021 to Journal of Materials Chemistry A

Author contributions: M. P. Stockham: Conceptualisation, experimental and characterisation
work, method development, writing — original draft, formal analysis, investigation. B. Dong: Data
curation, investigation. M.S. James: Data Curation. P. Zhu: SEM and EDX. E. Kendrick: writing —
review, use of dry room facilities. P. R. Slater: lead supervision, conceptualisation, writing — review

& editing.



Reactive sintering of LigsLasZriNbg sCeo 25Tio 25012 for high density lithium garnet electrolytes with anti-

dendritic healing properties.

M. P. Stockham?’, B. Dong?, M.S. James?, P. Zhu®3, E. Kendrick®3, P.R. Slater3*

1School of Chemistry, University of Birmingham, Birmingham B15 2TT. UK

2School of Metallurgy and Materials, University of Birmingham, Birmingham B15 2TT. UK

3The Faraday Institution, Quad One, Harwell Campus, Didcot 0X11 ORA, UK

Correspondence to
M. P. Stockham/P. R. Slater

School of Chemistry, University of Birmingham, Birmingham B15 2TT. UK



Abstract

The next target of energy storage is the all solid state battery, however finding a suitable solid state
electrolyte has proven troublesome. Lithium garnet materials are promising solid state electrolytes
with high room temperature conductivity, a wide electrochemical window (> 6 V vs Li/Li*), with
chemical stability with Li metal and minimal hazards. However, lithium garnets suffer from slow,
energy demanding synthesis, rapid proton exchange (leading to high interfacial resistance between
the garnet and electrodes), mechanical instabilities with Li metal and require specific handling to
achieve the highest performing materials (such as full processing under Ar). Here we report a Ti/Ce
co-doped lithium garnet material in the form of LigsLasZriNbgsCeo25Tio25012 which has excellent
properties. This material benefits from exceptionally rapid reactive sintering directly from the starting
materials, allowing formation of dense pellets in 1hr at 1100°C. LigsLasZriNbgsCeo.2sTio.25012 has high
conductivity (0.5 mS cm™at 25°C), and is also shown to have unusual dendritic healing properties,
which is attributed to the beneficial pairing of Ce and Ti dopants, which enables healing of short

circuited pellets in =30 mins via reduction of Ce.



Introduction

Safe, long-lasting portable energy storage is an elusive goal. Lithium-ion batteries (LIB) are the device
of choice for use in secondary, rechargeable, batteries, owing to their high energy density, low self-
discharge, long life (compared to other options) and extended cycling stability 2. Yet LIBs remain far
from reaching their theoretical potential, having serious safety concerns and an inability to use Li
metal anodes. LIB problems, generally, arise from the liquid based electrolytes, such as LiPFg in
ethylene carbonate and dimethyl carbonate. These electrolytes are flammable, toxic, have limited
electrochemical windows and are unstable with Li metal® 32!, These electrolytes, therefore, require

optimisation or replacement for the next leap in energy storage.

Solid state batteries (SSB) are thought to overcome most limitations in current LIBs> 222, However,
current SSBs remain confined mostly to small scale laboratory work, as finding a suitable solid state
electrolyte (SSE) has proved troublesome. The issues primarily relate to either poor ionic mobility or
limited electrochemical windows, however are further complicated by long/complex synthesis and
poor interfacial contact to the electrodes. This poor interfacial contact leads to a resistance too high
for battery operation, abrupt potential changes and increasingly poorer contact due to volume

expansion during cell operation®®33. Therefore, full SSBs have yet to be deployed commercially.

Of the available SSEs, lithium garnet type materials have received significant attention, owing to their
well-established wide electrochemical window and (after considerable work) ionic conductivity
rivalling that of current liquid electrolytes at room temperature (0.1 - 1mS cm™)3*38, These materials
are also chemically stable with Li metal, however despite the high Young’s modulus (which gives
intrinsically high interfacial resistance), they are susceptible to Li dendrite propagation through grain
boundaries, although this can be substantially improved with increased SSE density and low interfacial

resistance3®#?

. Lithium garnets, however, often require time consuming synthesis, followed by
densification processes, which can take several days. The best performing garnets in the literature
involve handling only in an Ar atmosphere to fully prevent atmospheric proton exchange, which arises
from thermodynamic instabilities in air associated with the high Li content34. Therefore, synthesis

often lacks scalability and is usually confined to the ~2-4g level.

Ideal garnets have the general formula AsB,X301, (e.g. A = Fe, Mg, B = Al, Cr, Fe, and X = Si, Fe, Al, Ga)**
% |n Lis garnets, e.g. LisLasTe,01,, lithium fully occupies the 24d tetrahedral site and shows minimal Li
ion mobility*#’. System modifications by addition of lower valent cations permits increased Li content
to maintain charge neutrality. This gives increased conductivity with lithium occupying additional
interstitial octahedral sites in a disordered fashion** 4 4 49 | garnets can accommodate 7 Li per

formula unit (pfu) but this results in full Li site occupation and Li ordering (to reduce short Li-Li



distances). This gives an elongation of an axis in the cubic cell forming the thermodynamically stable
tetragonal system>>%, Tetragonal garnets have 7 Li pfu and poor conductivity with the /4:/acd space
group (no. 142)°%>3 whereas cubic garnets have <7 Li pfu and show high conductivity commonly with
la3d (no. 230) symmetry, although /43d (n0.220) has been proposed for Gayliz.3xLasZr,01, (Ga-LLZO)
46,5556 Most lithium garnet reports detail systems where Li content is between ~6.2-6.6 pfu as this
maximises the Li content (and subsequent disorder) while maintaining some vacant interstitial sites

for an effective migration pathway?3* 4 44 48-50, 5772

Much work has focused on single dopant strategies, such as Al/Ga-LLZO, however much less has
concentrated on higher entropy lithium garnets, where multiple cations have been substituted onto
a single site. Such increased entropic factors could be harmonious with the highly entropic cubic, high
Li content garnet systems. This would promote increased disorder which may vyield better

conductivity, rapid synthesis or a variety of yet unknown benefits.

Prior work from our group has shown that Ce doping in LLZO enables lower interfacial resistance
between the Li metal and the garnet (388 Q cm?), likely due to partial Ce** reduction®*. However, the
large Ce** was investigated in a tetragonal Li;LasZr,Ce,O12 system and has yet to be assessed in a cubic
garnet system. We also recently reported prior on high entropy garnet systems, and the ease at which
they can form. We suggested that, with GagLis 75La2.5NdosNbo 35Tao 3Ce0.1Zr075sHf0 25 Tio 25012, the use of
the Ti dopant should be examined further due to prior literature reports of dendrite resistance, high
relative density pellets (95%), good ionic conductivity (0.2 mS cm™ at room temperature) and favourable
interfacial wetting between the Li metal and Ti doped garnets’376. Therefore, the aim of this work was to
build upon prior studies and combine the low interfacial resistance afforded by Ce*" and the favourable

performance properties reported for Ti** doping in a new dual doped garnet system.

Herein, we present an unusually easy to handle Li garnet, in the form of LissLasZriNbosCeo.25Tio.25012
(LTC). LTC enables a scalable and fast approach to a high conductivity garnet, requiring only 1h to form
dense pellets directly from the starting materials in a dry room using readily available muffle furnaces.
LTC is insensitive to heating rate and forms similar performing SSE membranes when heated at 2°C
mintand at 40°C min! (furnace limit) and the fast conduction in LTC (1.1 mS cm™ at 45°C, 88% density)
does not noticeably degrade if heated for >1h. Mostly pure LTC can form in as little as 5 mins at 1100
°C, whereas powder synthesis can be accomplished at 950 °C/1h (100 °C min?) in air. The rapid
synthesis/densification is also scalable to at least 15g. These results are not mirrored when preparing
garnets using Ce or Ti as a single dopant. LTC was also designed to avoid Li site substituted dopants (such
as Al/Ga) which exsolve to the grain boundary during heating and are, thus, relatively unstable. LTC shows

excellent cycling stability, a wide electrochemical window (up to at least 10 V vs Li/Li*) and has unusual



dendrite healing/prevention behaviour, which is experimentally shown to relate to the combination

of Ce and Ti.



Methods

Synthesis
Lis.sLasZri NbosCeo.25Tio25012 (LTC) was prepared via the solid-state route from stochiometric quantities

of Li,COs, La;03, Nb,0Os, ZrO,, TiO, and CeO; in air. A 40% mol excess of lithium was added to
compensate for lithium loss during high temperature sintering. All powders were ball milled for 1 hr
with ZrO; balls (350 rpm) with hexane. The powders were heated to 950°C (powder) or pelletised and
heated 1100°C (1 h) at the fastest possible ramp rate in air (100°C min™) and within a dry room (40°C
min) in Carbolite ELF11/6 or CWF13/3 furnaces respectively. 10 mm pellets were pressed to ~1 ton
from the starting materials. The dry room had a dewpoint between -45°C to -64°C (the elimination of
humidity is desirable to prepare good quality garnet samples, as it is well established moisture can be
an issue in the synthesis of Li garnet systems)”””°. Singularly Ce, Ti doped LissLasZr1.2sNbosCeo 25012 and
Lis.sLasZri2sNbosTio 25012 were synthesised in the same manner but required two and four hours

respectively to obtain similarly dense pellets.

All samples were stored in an argon glove box to prevent proton-Li exchange® 88, Scanning electron
microscopy (SEM) was performed on a Philips XL30 FEG instrument, with the elemental distribution
confirmed by the corresponding Oxford Inca 300 energy dispersive X-ray (EDX) attachment. Pellets
were polished with silicon carbide sandpaper from 800 to 4000 grit to form a flat surface. Phase
analysis was performed by X-ray diffraction (XRD) using a Bruker D8 diffractometer with a Cu X-ray
source. Experimental pellet densities were determined and compared to theoretical values from

Rietveld refinement results (performed using GSAS Il software)®.

Impedance Spectroscopy
Post-sintering, the pellets were polished and were sputtered with Au and secured in a MTI split cell

for room temperature impedance spectroscopy measurements, which were performed on Solartron
1260 impedance analyser from 1 Hz to 10 MHz with a 20 mV potential. Variable temperature
measurements were undertaken in Genlab Classic oven from 19 — 64 °C, with at least 30-minute rest
periods once obtaining the set temperature. Temperature accuracy was confirmed via a Fluke 51 Il

external thermocouple.

Cell assembly
All cell tests were performed on a biologic VMP3 or SP50 instrument. Li| LTC|Li symmetric cells were

assembled in an Ar glove box. Firstly, the pellets (~1 mm thickness) were polished using silicon carbide
sandpaper from 240 to 4000 grit, then lithium metal foil was applied to each side of the pellet. The
cell was then heated to 175 °C under a constant pressure for 1 h using a commercially and readily
available steel 3-way G clamps as reported prior® and were secured under light pressure via hand

tightening the clamp. The cell was subsequently secured within an MTI split test cell. Cells were



examined via impedance spectroscopy before (and after) cell testing from 10 MHz to 0.1 Hz with a 20
mV potential on a Solartron 1260 impedance analyser. These symmetric cells were then cycled under
constant current conditions at various current densities to assess cycling stability at room temperature
on an open lab bench (between 15-21 °C throughout the day) as well as at a constant temperature in
a Genlab classic oven. The temperature was monitored additionally via a Fluke 51 Il external
thermocouple. Cells were also cycled with increasing current density, in increments of either 10 or 20

HA cm™2, to assess critical current density, at room temperature on an open lab bench.

Au|LTC]|Li cells, for cyclic voltammetry (C.V.), were formed by polishing an LTC pellet as above and
hand pressing the pellet into Li foil in an Ar glovebox. The cell was placed in a Swagelok cell with Au
foil as the working electrode. Cyclic voltammetry was subsequently run from -0.4 to 10 V at a scan

rate of 1 mV s



Results and discussion

X-Ray diffraction results

The powder X-ray diffraction (XRD) patterns of the LTC garnet materials at 950°C (powder) and 1100°C
(pellet) sintered for 1h are available in figure 1. Both were indexed on the /a3d space group as per
other garnet materials without Ga (or Fe) Li site substitution® ., Rietveld refinements were based
upon the structural model from Hamao et al.?’. Considering the scattering similarities between Zr and
Nb these were set to the intended ratios. As Zr and Nb could not be refined, Ce and Ti were also set
to the intended ratio. See table 1 for determined lattice parameters and the SI for an example
refinement. Lattice parameters were 12.9389(6) for the powder sintered at 950°C and 12.9484(3) for
the densified pellet at 1100°C (88% relative density). This is in line with other garnets with similarly
high Li content on the la3d type symmetry, and slightly larger than the structural model from Hamao

et al. with LigsLasZri5Tags012%.

Considering the rapid speed, additional investigations into the optimum sintering/densification time
were undertaken. LTC pellets were prepared and heated to 1100°C for 5, 15, 30, 45 and 60 minutes,
see figure 2 and table 1. It was determined that garnet phases form in as little as 5 mins, with lattice
parameters of 12.9404(7) being only slightly reduced compared to 1h. However, those phases sintered
for 5 min had broad peaks, and were not wholly densified with only a dense inner core that required
removal of surrounding loose powders. Such pellets had relative densities of 80%, but were thin and

brittle. This is an impressive value nonetheless for only 5 minutes.

Pellets which were heated for > 15 minutes did not require removal of any excess powder and formed
denser membranes. These samples showed sharp, highly crystalline, diffraction peaks and gave lattice
parameters similar to sintering for 1h. The peaks were mostly garnet related, however some small
impurities (relating to mixed Li-Nb-O phases) remained until > 45mins, after which pure garnet type
symmetry was observed. Relative densities for pellets sintered for 2 15 minutes ranged from 83-88%,
the maximum of which was obtained at 1h. Sintering beyond 1h gave little difference in density,
therefore subsequent pellets were sintered for 1h. Attempts were made to reduce the Li mol excess
to 5, 10 or 20%, however, pellet densification was much reduced by comparison, only giving a

partially dense pellet core encapsulated by less dense powders.

Therefore, maximal pellet densities using conventional furnaces is ~88% (similar densities were also
achieved under N»/0,). This is in line with our previous work conducted under similar experimental
procedures for other garnet systems®% 888 however, these reports required sintering the powder
for ~12h followed by densification for ~12h in either air or N»/O, (sometimes with densification agents,

such as LiF) and were more sensitive to heating rates. The formation and sintering of LTC, however, is



considerably quicker and it is highly conducting compared to similar reports (see later for impedance
spectroscopy). LTC was also proven to be scalable to at least 15g (the volume limit of the milling pot)
under the same procedure. Increased Li content beyond 6.5 pfu was attempted, in the form of
Lis.sLasNbo 4Zr1Tio35Ce0.25012 and LissLasNbg3ZriTioasCeo25012. However, this yielded Ce;,O7; and CeO;

impurities which were unable to be removed, see SI.

It is not yet completely clear what has enabled such rapid densification, nor why this material is more
easily scalable. It could perhaps rely on the increased disorder of the B site, which is host to four
separate elements. This could enable greater entropic contributions to the cubic lithium garnet and
thus provide the additional contribution driving more rapid synthesis. However, it would appear
reactive sintering is crucial, as powder synthesis followed by densification was significantly more
troublesome. This required 1200°C for 4-6 hours and gave marginally poorer room temperature ionic
conductivity (~0.1 mS cm™). The beneficial elemental combination in LTC is further confirmed when
Ti or Ce is used singularly with LigsLasZr1.25NbosMo25012 (M = Ti, Ce), whereupon synthesis was quick,

yet densification took several hours, see later.

LTC Sample Lattice Prel (%) o (mScm?) Coui (F/cm) &
(mins) Parameters (pF)
(A)

Powder 12.9389(6) - - - -
5 12.9404(7) 80 - - -
15 12.9492(6) 84 0.30 (26°C) 4.75 54
30 12.9490(4) 86 0.39 (27°C) 5.57 63
45 12.9507(5) 83 0.35 (24°C) 4.69 53
60 12.9484(3) 88 0.42 (24°C) 5.64 64
180 12.9446(2) 86 0.37 (22°C) 4.29 48
720 12.9539(1) 87 0.38 (22°C) 4.87 55
LT 12.9138(9) 86 0.33 (22°C) 4.77 54
LC 12.9760(14) 84 0.31 (22°C) 5.91 66

Table 1. Lattice parameters, relative density, conductivity, capacitance values and dielectric
constants for the analysed materials, where LT and LC correspond to the use of Ti and Ce as
single dopants.



SEM/EDX

The sintered pellet (1100°C) was analysed via SEM and EDX to assess the microstructural features and
to confirm elemental content. The SEM shows a dense pellet structure with an absence of discernible
grain boundaries, with the corresponding EDX indicating the expected elemental distribution (see
figure 3). Although the pellet has well connected individual grains; clear voids are present. Therefore,
magnification was increased to examine these voids more closely. Here, the EDX, while showing a
relatively homogenous distribution of elements, shows higher concentrations of Ti around the grain
boundary. It is unclear why this is so, however, could relate to some incomplete synthesis which

has fallen below the XRD limits.



Conductivity

The room temperature conductivity of LTC was assessed by impedance spectroscopy for each pellet
dwell time > 5 mins. Densities of the pellets ranged from 83-88% and were unable to be improved by
times > 1h, higher temperature, slower heating rates or under N,/O,. A typical Nyquist plot with Au
blocking electrodes is shown in figure 4, with the associated capacitance bode plot available in the SI.
All LTC materials demonstrated a single resistivity contribution which is attributed to overlapping bulk
and grain boundary contributions. Therefore, all plots were fit with a single parallel R/CPE element,
see figure 4. The spectroscopic C plot (see SlI) shows a high frequency plateau corresponding to
capacitance in the pF cm™ range from which dielectric constants of 48-64 were calculated (based on
the permittivity of free space of 8.854x10* F cm™). This corresponds to the data obtained from the
equivalent circuit models and is the expected response for bulk oxide materials®® 81, The spike
observed at low frequency relates to the Au electrode double layer, which blocks Li diffusion giving

capacitive behaviour due to space-charge layers.

LTC materials sintered for 1h reached a maximum conductivity of 0.4 mS cm™at 21°C and 1.1 mS cm"
1 at 45.5°C. Those sintered between the 15-60 minutes saw marginal changes in conductivity (the 5-
minute membrane was too thin to be studied), see table 1. Beyond 1h density was similar, and
conductivity degraded only slightly. Therefore, LTC is a robust garnet system that does not require
extremely specific handling requirements to form similarly performing membranes. Variable
temperature measurements were also taken on pellets sintered for 1h, with the Arrhenius plots
displayed in figure 5. These gave an activation energy of 0.34 eV over the temperature range of 19 —

64 °C.

Overall LTC is amongst the most conductive garnet system we have obtained within our laboratory,
and compares favourably to other reports of highly conducting systems elsewhere’ %2, but is far easier
to handle and potentially scalable. This, therefore, indicates if this material were able to be
synthesised and then sintered fully under Ar (with no intermediate air exposure), which would

34,42

eliminate any surface Li,COs as per work here** %, performance could potentially be further improved.



Electrochemical testing

Cyclic Voltammetry
To confirm the electrochemical stability window of the LTC materials, Au/LTC/Li cells were constructed

and analysed via cyclic voltammetry, see figure 6. LTC demonstrates an outstanding voltage stability
of at least 10 V (vs Li/Li*) (the maximum voltage of the VMP3). A small peak is present at ~ 0.5V,
attributed to Au-Li alloying®. Outside of this the current response is flat, which indicates negligible
redox activity and no indication of Ti** reduction in the presence of Li metal. This is higher than
previous reports, which indicate stability up to ~6V, further highlighting the potential of LTC materials

for use in high voltage cells®,



Symmetry Cell Testing

To assess electrochemical stability and short circuit tolerance, symmetrical Li/LTC/Li cells were
assembled and analysed at multiple current densities. Long term cycling was additionally analysed at
fixed temperature to confirm voltage stability. In all cases no additional pressure was applied outside

of hand tightening of the split cell.

Cells were assembled as per the methods sections and analysed by impedance spectroscopy to assess
the area specific resistance (ASR) at the Li/LTC interface, which gave values between 320-400 Q cm?.
This is similar to our prior reports on Ce doping, hence confirming the strategic use of Ce in low

quantities to reduce interfacial resistance®.

Firstly, the LTC materials were assessed for critical current density (CCD), which is the current at which
lithium dendrites can grow and short circuit a cell. Cells were analysed on an open lab bench (non-air
conditioned) with small temperature fluctuations between 17-23°C. CCD of lithium garnet materials
are thought to depend on several aspects: low interfacial resistance, high ionic conductivity, dense
microstructure, chemo-mechanical interfacial phenomena and grain boundary characteristics. LTC
demonstrated the expected ohmic current—voltage behaviour up to 140 pA cm™, with mostly flat
voltage profiles, see figure 7a. However, after this a small voltage drop occurs, and voltage profiles
become erratic, but do not show the sharp voltage drop expected with a short circuit. At 200 pA cm™
the cell was removed and analysed via impedance spectroscopy and, surprisingly, there were minimal
changes in the LTC bulk and grain boundary contributions. However, substantial interfacial changes
were present, which reduced ASR from 380 to 250 Q cm? (room temperature), such a reduction would
account for reduced voltage during CCD. The CCD analysis was resumed, and the cell was analysed by
impedance spectroscopy again after the 300 pA cm™ cycle, whereupon ASR had further reduced to
161 Q cm?. This phenomenon continued until 660 pA cm™, at which point a large voltage spike
occurred (to the maximum tester voltage) causing automatic cessation of the cell testing. Complete
interfacial breakdown was then confirmed by impedance spectroscopy, whereby the much-reduced
ASR as now transformed to an exceptionally large interfacial resistance (> 29000 Q cm?), see figure 7c.
Analysis at elevated temperature (38°C) also yielded similar results of reduced ASR and dendrite

resistance, see figure 8.

It was additionally observed during cell testing that, after short rest periods to run impedance
spectroscopy, upon resuming Li stripping and plating the voltage profile briefly returned to more
typical ohmic current—voltage behaviour, before resuming the erratic voltage profiles after ~5
minutes. This indicates a potential reversal of the dendritic resistance reaction and is especially well

shown in figure 8.



To assess the dendritic behaviour further, symmetrical LTC cells were assembled and galvanostatically
cycled at 500 pA cm™ as, according to the CCD, it is around this point that the cell becomes increasingly
unstable before ultimately degrading. See figure 9a. These cells, on the first cycle, initially increased
in voltage before seeing a slow voltage drop. Immediate impedance analysis, after the first 500 pA
cm™ cycle, indicated a short circuit but with higher resistance than expected, see figure 9b.
Impedance spectroscopy was then repeated continuously over the course of 1h. This showed a
remarkable, and relatively fast, reversal of the short circuit within 32 minutes with the cell healing
back to the impedance spectrum of the fresh cell. After =1h the impedance spectrum of the pellet

stabilised, with the cell having marginally increased resistance.

The cell cycling was then restarted (at 500 pA cm™2) for 36 cycles. This initially demonstrated the same
voltage profile as the first galvanostatic cycle (further indicating LTC had chemically reacted with any
dendrites), before again dropping to a similar, lower, voltage which remained consistent. Impedance
analysis was then conducted after 36 cycles and showed a short circuit in the expected manner (large
reduction of the bulk/GB components) and repeated analysis showed only marginal recovery,
therefore suggesting limited cyclability of the dendritic healing. However, upon resting the cell for
24hrs the short circuit was removed and the spectrum returned to the original profile prior to

restarting cycling, see figure 10.

To assess this behaviour further, the dopants were analysed singularly in the garnet systems
Lie.sLasZr12sNbosCeo 25012 (LC) and LigsLasZriasNbosTio 25012 (LT). These were subjected to the same
lithium CCD analysis. Both LC and LT were similarly as quick to synthesise in powder form, however,
did not demonstrate the same densification properties as LTC. LC required at least two hours to form
a dense pellet, whereas LT required four. Both LC and LT were inferior to LTC in terms of density and
conductivity, see Sl. Interestingly, other reports of Ti doping use much longer sol-gel based techniques,
longer sintering times and/or complex pressing methods. These other Ti reports (with similar Li
content) are also still less conductive than LTC, even with relative densities ~¥95% (0.2 mS cm™) which

indicates Ti lacks suitability as a single dopant®% 7> 92,

Upon CCD testing of LT, it was found that the system did not lend itself to a low ASR value, with results
of 1000-2000 Q cm?. This is contradictory to other reports, which show Ti based systems enable
reduced interfacial resistance. These works, however, employed heating of Li metal beyond 180°C to
melt onto the interface in conditions where proton exchange could be more readily controlled®?. This
did not affect the electrochemical testing in this work as, in all cases, irrespective of ASR no CCD was
observed, as confirmed by the voltage profile and impedance spectroscopy. Current increased until

the upper maximum voltage of the cell tester was reached at 600 pA cm™, with large voltage spikes



starting from 500 pA cm™, see Sl. This is not present with LTC and indicates large increases in cell
resistance, which was confirmed by impedance spectroscopy after the 600 pA cm™ cycle, whereupon
complete interfacial breakdown was seen. The interfacial degradation at high current density mimics
the behaviour seen in LTC, however LTC was cycled at higher current densities before cell failure. The

lack of any voltage reduction during CCD also indicates no reduction in ASR, as observed with LTC.

Upon testing of CCD with LC, an ASR of 328 Q cm?was measured, which is in line with our previous
work with Ce garnets (388 Q cm?). The LC cell obeyed ohmic current—voltage type behaviour up to 120
HA cm™2, whereupon a voltage drop occurred that mimicked the CCD profile observed with LTC. Cells
were analysed via impedance spectroscopy at 260, 360 and 600 pA cm™. The initial ASR of 328 Q cm?
fell to 90 Q cm? after the 260 pA cm™cycle but showed no short-circuit. At 360 pA cm™the short
circuit was present (removal of the bulk/GB resistive component). This was further confirmed at 600
HA cm™2. Impedance analysis showed the short circuit does not recover after the 360 pA cm™ cycle
and LC did not undergo interfacial breakdown at high current densities (as seen with LT and LTC). This,
therefore, indicates that the unusual behaviour towards dendrites is related to Ce. However, results
suggest the pairing of Ti and Ce is required to maintain the healing phenomena at higher current
densities, with the Ti dopant being ultimately responsible for Li metal interface degradation (at high
current densities), which would prevent dendrite propagation. The synthesis of LC and LT also show
the co-doping strategy with LTC is required for the rapid densification, ease of handling and higher

performance.

Room and fixed temperature (49°C) long-term cycling of LTC was subsequently undertaken over the
course of three months, over a wide degree of current densities, to confirm cycling stability (both
before and after the erratic voltage profiles began), see figure 11. LTC had excellent voltage stability
up to 150 pA cm™, at which point the pseudo CCD of LTC is reached and the erratic voltage profile
begins (49°C). Past 150 pA cm™2, although the voltage is more erratic, no sign of short circuit is shown
and the dendritic resistance appears to be stable for exceptionally long periods of time, lasting several
thousand cycles, until degradation occurs at high current density. Deliberate attempts to short circuit
cells by melting Li metal with applied pressure or by cycling at current densities > 1mA cm™ were

made. This, yet again, demonstrated no short circuit and large interfacial resistance.

As our previous work on Ce-doped LLZO has suggested the presence of interfacial Ce40;, with this
being the attributed reason for reduced interfacial resistance and, as the dendritic resistance is
catalysed by the presence of Ce (as seen above), it is logical to conclude this is playing a role with LTC.
It has been experimentally confirmed in this work that the continued dendritic resistance and the

ultimate interfacial breakdown is due to addition of Ti. Therefore, as Ti can obtain same 3+/4+ states



as Ce, it can be theorised that Ce,Ti,0;is being formed, with Ti reduction arising from the Li metal.

This, however, is not demonstrated in the C.V.

In order to confirm any oxidation state changes in LTC both freshly prepared and cycled pellets were
analysed by X-Ray absorption near edge structure (XANES). Although XANES does not show surface-
based phenomena, powder was obtained from the interface and the bulk of the pellet to ascertain if
any clear differences were present based upon proximity to Li metal. Ti,Os, anatase TiO, and CeO;
references were used for comparison. Data obtained from the Ti K edge in LTC suffered from severe
interference from the strong La L3 absorption at 5491 eV. This suppressed the LTC Ti K edge peaks
considerably, but a doublet is present at 4987 and 5001 eV across all LTC samples. These peaks are
consistent in position and characteristics across the cycled and fresh LTC samples. This doublet
corresponds more closely to the position of the Ti K edge peaks in the TiO; reference and has a pre-
edge peak at 4970 eV (absent in Ti,03), which is similar to reports elsewhere® . Although this
suggests Ti** presence in LTC it is not conclusive due to the La interference, the difference in peak
profiles (compared to the reference) and the comparison to anatase type TiO,. However, if the spectra
are compared to reports of Ti* orthosilicate garnets, such as schorlomite and andradite, LTC has
similar peak profiles, positions and pre-edge characteristics® 1%, |rrespective of specific Ti oxidation
state the peak positions and characteristics between cycled and fresh LTC samples are highly similar.
This indicates no change of Ti during galvanostatic cycling and supports Ti stability during Li stripping

and plating.

Examination of the Ce L edges also suffered from La L2 edge interference, however absorption peaks
for Ce are much clearer compared to Ti. These show the expected presence of Ce* within the freshly
sintered materials, with a peak doublet at 5731 and 5736 eV. This corresponds to the CeO, reference
at 5730 and 5737 eV. However, post cycled pellets had these peaks removed, with a new single peak
appearing at 5726 eV. This shift to lower energy indicates reduction to a 3+ state. No Ce®* reference
was available to test, however, Ce3* reports elsewhere, with compounds such as CeFs; and
Ce(NOs3)3-6H,0, also show a sharp singular peak in this region that is assigned to a trivalent Ce
species!??1% Therefore, Ce is being reduced during Li stripping and plating beyond a simple grain
surface reaction, penetrating into the bulk and throughout the pellet. This confirms the previous work

by Dong et al., whereupon Ce reduction was suggested to occur in LisLasZr,xCe 01, materials®*.

The XANES data, therefore, supports the reduction of Ce in the garnet structure during cycling, with
experimental evidence also confirming the anti-dendritic behaviour requires Ce. Therefore, as Ce is
reduced from Ce* to Ce¥, a corresponding Li metal oxidation is likely occurring. This could attack Li

metal dendrites and enable formation of Li* which, ultimately, combines with the liberated 0% (from



Ce reduction) to form Li>O. This would remove the short circuit and heal the garnet material at the
cost of slightly increased pellet resistance (due to the insulating Li,O). However, it could also be
theorised that when Li* is formed, possibly from Ce reduction, it is exchanging with the garnet material
as Ce is destabilised from the structure. Therefore Li* insertion occurs into the garnet, with this being
favourable as LTC does not have the maximal Li content of a lithium garnet. This would also account
for the increased resistance in the impedance spectrum, as the system starts to increase Li content
toward the poorly conductive tetragonal phase. Irrespectively, this is a rapid reaction and may also
enable native protection during cycling at lower current densities and/or during long cycle times (in
addition to healing post short circuit). This would require further work to confirm, as does the role
which Ti plays in LTC, as it appears crucial to extend the anti-dendrite behaviour beyond a few cycles,

yet its contribution remains unclear.



Conclusions
In summary, a new co-doped Ti/Ce garnet material has been synthesised. LTC demonstrated easy

synthesis, requiring only 1h to form dense membranes directly from the starting materials. LTC is also
shown to be scalable and outperforms other, similarly, doped systems despite having decreased
density. If only the powder is required, a similarly rapid synthesis can be achieved at 950°C. LTC was
also shown to be very robust, as overall performance does not require specific handling, for example
heating rate and/or heating times past 1h yielded similar results. Such absence of specificity in
addition to scalability could make LTC ideal for use within a commercial environment. We have also
demonstrated that single use of Ce or Ti in these garnets does not generate the same properties, and
it is the combination of both which enables the ease of handling in LTC. It was also shown that LTC
presents anti-lithium dendrite properties, with short-circuited pellets readily being healed within
minutes. Considering how fast this process is, this could also lend itself to dendritic suppression at
lower current densities. The healing mechanism was experimentally found to relate to the Ce dopant,
with reduction confirmed by XANES. The reduction of Ce*" to Ce* is then thought to correspond to
the oxidation of Li metal to Li*, which could remove the lithium dendrites by ultimate formation of
Li,O or Li* could then insert into the garnet as Ce is destabilised from the structure. This unusual
behaviour appears related to Ce, but results also indicate the Ti is required for the effect to be
maintained at higher current densities. The effect of the Ti dopant on lithium dendrites remains
unclear and requires further work to uncover. This could be investigated by computational modelling
or by further analysis by surface sensitive techniques (such as XPS). This would require facilities which
can transfer samples under vacuum to avoid proton exchange and to allow assessment of the

chemomechanical phenomena.
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Figure 1. XRD patterns of LTC sintered in powder form (950°C, 100°C min!) and as a pellet (1100°C,
40°C min™). Both sintered for 1h and demonstrate pure garnet (/a3d) type symmetry
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Figure 2. XRD patterns of LTC sintered pellet form at 1100°C different time intervals. All patterns
demonstrate garnet type symmetry but sharp, crystalline, peaks only appear = 15 minutes.
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Figure 3. SEM of polished pellet surface at two different magnification levels showing a dense pellet
microstructure with no visible grain boundaries, however some voids are present. EDX is also
shown, demonstrating concentrated areas of Ti in the pores.
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of 0.34 eV.
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Figure 6. Cyclic voltammetry of LTC at room temperature using a Au/LTC/Li cell.
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Figure 7. Symmetry cell impedance spectra and CCD density analysis where a) is the CCD analysed
in increments of 10 pA cm™, stars indicate where cell was stopped for impedance analysis.
Degradation of the cell occurred at 660 pA cm™. A short rest at 660 pA cm™ (during CCD analysis)
as testing had to be resumed to cycle at high current densities, as additional current steps could
not be added during cycling. b) is the overlaid impedance spectrums during the CCD testing at
different current densities at room temperature, c) the same as figure 7b but with final impedance
spectrum showing interfacial degradation and d) is an overlaid impedance spectrum illustrating
the correct assignment of the low frequency semi-circle to Li metal interface
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Figure 10. After the first cycle at 500 pA cm2and the corresponding impedance analysis in
figure 9 was complete, LTC cycling was restarted at 500 pA cm™for a) 36 cycles with the
corresponding impedance analysis in b) taken immediately after. Here, the cycling again
begins with a high voltage which is similar to the single cycle in figure 9a, and drops in voltage
equally as rapidly. This further confirms a change in the LTC pellet. The cell was left running
for 36 cycles to assess if the healing phenomena remained, which was analysed by
impedance spectroscopy in figure 10b.
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Figure 11. Long term stripping and plating cycling experiments, at differing current densities. Where a) is
room temperature, where voltage fluctuates between 12-24°C and b) at 49°C with inlay showing stable
voltage profiles until initial V drop occurred. Here, stripping and plating did not reveal typical short circuit
behaviour and mirrored the results of the CCD analysis, whereupon the initially stable voltage is decreased
but no short circuit is present. Although voltage stability remains far from ideal, the lack of short circuit
further confirms the unusual behaviour of LTC over long term cycling. The overlapping red lines arise from
impedance measurements, rest periods and from the need to pause the cell while others are attached and,
in the case of 11b, time periods to allow to cell to equilibrate back to 49°C after a rest.
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Figure 12. XANES spectra of Ti,O3 and anatase TiO, compared to LTC where a) is the
comparison to freshly sintered and b) the comparison to cycled pellets, with powder taken
from both the interface and bulk respectively. All peaks, although lacking intensity, remain
similar, indicating no change of Ti oxidation state.
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Figure 13. XANES spectra of CeO, compared to LTC where a) is the comparison to freshly
sintered and b) the comparison to cycled pellets, with powder taken from both the interface
and bulk respectively. No change of the Ce L edges is noted across the freshly prepared
samples, but a clear change of Ce peaks is present in the cycled cells, whereupon the doublet
has coalesced into a singular peak which has shifted to lower energy, this indicates

formation of Ce?*.
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Figure S1 XRD patterns of Lie,eLa3Nbo_4ZI"1Tio,3sceo,25012 and Lie,yLagNbo_32r1Tio_45Ceo_25012 showing
CeO; and Ce40; impurities marked with blue stars
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Figure S2. Spectroscopic C plot of LTC at 22°C showing high frequency plateau at 4.79 x10*2 F cm™
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Figure S3. XRD patterns of LT and LC, both showing pure phases indexed on /a3d type symmetry
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Figure S4. Impedance spectra of LT and LC showing high conductivity. LT is at 22°C and LC at 27°C
due to unavoidable temperature differences as the laboratory lacks climate control.
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Figure S6. a) CCD analysis of LT garnets in increments of 20 pA cm? (starting at 20 pA cm?). b)
Impedance spectrums of LTC at the start and upon the voltage spike to 10V, which automatically
stopped the tester. Inlay is the original LT spectrum prior to interfacial breakdown.
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indicate where cell was stopped for corresponding impedance measurements seen in b).
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12.3. APPENDIX 3 — SUPPLEMENTARY INFORMATION FOR CHAPTER 5.

12.3.1 Evaluation of the effect of site substitution of Pr doping in the lithium garnet system
Li5La3Nb2012
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Comparative XRD patterns before and after densification via high temperature N; heat treatments,

showing increased phase degradation as Pr content increased. Additionally, in figure S1a an XRD

pattern is shown after storage in an Ar glove box for 1 week.
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Figure S1a. XRD patterns for Lis.7sLasNbj 25Pro.75012 freshly synthesised, after storage in a

Ar glove box for 1 week and after the high temperature N, treatment, the latter of which
shows phase degradation.
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Figure S1b. XRD patterns for LisLasNb;iPr;01; freshly synthesised and after the high temperature N,
treatment, the latter of which shows more severe phase degradation than x = 0.75
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Figure S3. Example XRD of La site doping (x = 0.5 synthesised in air) showing small LisNbO4impurity, marked
additionally with arrows in the magnified inlay. This impurity was noted for all air-based synthesis and in some H,
synthesised phases.
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Figure S4. Example Rietveld refinement of Pr LLNO garnet materials. The above example is of Lis.sLasNb1.sPros012
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Figure S5. Powder colours of lithium garnet phases where a) is Lis ;sLasNb; 75Pro 25012 and b) is LisPry sLaz sNb,01,
synthesised under 5%H
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12.4. APPENDIX 4 — SUPPLEMENTARY INFORMATION FOR CHAPTER 6.

12.4.1 Water based synthesis of highly conductive GayLi;.axLasHf,01, garnets with comparable critical
current density to analogous GaxLiz-3xLasZr.012 systems.
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Figure S1. XRD of Ga-LLHO and LLHO during synthesis, all
heating steps were 700°C, with a 20% wt. excess of lithium
added between steps.
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Figure S2. Al-LLHO synthesis steps, with a 20% wt. excess of lithium
added between steps, except for the final 950°C heat treatment. A
prior synthesis demonstrated no gain in reheating to 700°C, hence the
step was removed for this synthesis approach.
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Figure S3. XRD data for Gag.slisssLasHf,01, during attempted
synthesis (showing the presence of a mixed cubic and
tetragonal phase), an additional 20% wt. of Lithium was added
until the 3™ heating cycle, with no excess added for the heat
treatment at 800°C.
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Figure S4. XRD data LisLasZr,012 synthesised by the dissolution method, illustrating
the expected tetragonal symmetry with space group 14:/acd (no. 142)

242



_‘ ‘ ‘ ﬂ l —— 5" Heating (800 °C)
—JUL,__‘J"__JMVWL__},W_JJ_”&_}L}J; T

, ——— 4" Heating (700 °C)

—— 3" Heating (700 °C)

Intensity (arb units.)

h LJ l l —— 2™ Heating (700 °C)
L___JL_JK__,JL_A_JL,.___ J_ A Vil e .}\.)\JL__,AJ\ N SL " OO (1 0] (S

——1% Heating (700 °C)

26

Figure S5. XRD data for attempted co-doping at the Li site with the formula
GaolisslasHf18Ce0201,. The system demonstrated similar impurities to the Ga-LLHO
synthesis with an addition of Cerium oxide based impurities which were unable to be
removed, despite adding 10-20 % wt. lithium and/or addition of 3-5% HfO, excess
(due to hydration levels of starting Hf salt) during the heating steps.
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Figure S6. XRD data for attempted Pr doping at the Hf site with the formula
LizLasHf15Pros012. The system demonstrated similar impurities to the LLHO synthesis
with an addition of Pr,0s impurities which were unable to be removed, despite adding
5-10 % excess Li,CO3; and/or addition of 3-5% Hf/La excess (due to hydration levels of
starting salts) during the heating steps.
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Figure S7. XRD data for attempted La replacement with Nd, Eu, Gd and Er, with only
Nd-LHO demonstrating the formation of a garnet type phase. All intended formulas
correspond to Li;M3Hf,01, (M = Nd, Eu, Gd, Er).
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Figure S8. Example Rietveld refinement data for Ga-LLHO.
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Figure S9. Impedance spectrum of Ga-LLHO at 25°C when densified under O,. Although
the spectrum was fit to two R/CPE components in parallel (where R1/CPE1
corresponds to the bulk and R2/CPE2 to the grain boundary contributions), the errors
for the fit were quite large and, considering the similarities in conductivity between O;
and N; densification, this sample was not cooled any further for analysis.

Ga-LLHO (25°C)

Ototal (S cm™) 3.7 x10*
Couik (F/ cm) 7.08 x10 *2
& 80

Prei (%) 88

Table S1. Impedance data for Ga-LLHO when densified under O,
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Figure S10. a) t-LLHO SEM and EDX map and b) SEM and EDX map of ground powder from densified LLHO
pellet. The LLHO pellet was unable to be sanded to examine the pellet surface due to the low relative
densitv.
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Figure S11. a) Al-LLHO SEM and EDX map and b) SEM and EDX map of polished pellet surface, without
thermal etching.
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12.5. APPENDIX 5 -- SUPPLEMENTARY INFORMATION FOR CHAPTER 7.

12.5.1 Evaluation of GapsLis4sNdsZr,01; garnets: exploiting dopant instability to create a mixed
conductive interface to reduce interfacial resistance for all solid state batteries
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Figure S1. a) Powder XRD patterns of Lis.sNd3Nb1.6Zr0.4012, Lis.sNd3Nb; sZrp 2012 and Lis s5Gap.1sNdsZr;012. All underwent
additional heating cycles and were still impure. Lis.sNd3Nb; 6Zro 4012 and Lig sNd3sNb gZrp ;01 demonstrate Zr and Nb
based impurities, whereas Lis.4Gag 1sNd3Zr,012 has a considerable tetragonal component. The PXRD of Ta-LLZCO is also
shown. b) narrow 28 scans showing a small peak at ~22 28 in Ga-NLZO, hence suggesting the system has I-43d type
symmetry, further work is needed to confirm this.
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Figure S2. Example refinement of a Nd based lithium garnet; the above example is Lis;Nd3Zr; ;Nbo.gO15.



Sample (50°C) Ceuik (Fcm™) &
LisNd3Nb,01> 9.3 x102 105
Lis.sNdsZrosNb1s012 4.2 x10*? 47
Lis.7sNd3Zrp.75Nb1.25012 5.9x10"? 67
Lis2Nd3Zr1.2Nbo.sO12 7.9 x10*2 89
Lis.4Nd3Zr1.4Nbp.6012 4.55 x10*2 51
Al-NLZO 2.1x101 239
Ga-NLZO (18°C) 4.6 x10*? 52

Table S1. Bulk capacitances and dielectric constants derived from the impedance spectra of the Nd based

lithium garnets.
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L)

Figure S3. 2% inch 3-way G-clamp used to form Li symmetry cells (Cu foil was used to cover the contact area to
prevent cell adhering to the clamp).
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I I |
1.0x10* 1.5x10* 2.0x10*

Z' (Q cm?)

I
0.0 5.0x10°

Figure S4. Tetragonal NLZO symmetry cell, pressed via hand and by heating as per the methods section. Both
cases illustrate substantially higher Li/Garnet interfacial resistance when compared to Ga-NLZO at 5830 (hand
pressed) and 949 (heated) Q cm?. This further confirms the low resistance encountered with Ga-NLZO is due to
the presence of Ga in the system.
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15kV 9.3mm x3.00k BSE 10.0pum

Figure S5. SEM image of post cycled Li/Ga-NLZO/Li before thermal etching, illustrating no discernible features
and large scratches due to polishing of the pellets prior to assembling the symmetry cell.
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Figure S6. Reaction of Ga,03 with Li metal when heated to 175°C (1h) (blue) and when left in contact with

Ga,0;3 pellet for two days (red). Pellets were uniaxially pressed to ~3 tonnes and placed in contact without any

additional pressure. Black line is fresh Li metal for comparison. Ga,03 + Li metal heated to 175°C illustrated

evidence of Li,Ga (stars) and Gali (triangle) eutectic mixtures, in addition to a small amount of Ga,03 powder

residue from the pellet (unmarked).
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12.6. APPENDIX 6 -- SUPPLEMENTARY INFORMATION FOR CHAPTER 8.

12.6.1 Assessing the importance of cation size in the tetragonal-cubic phase transition in lithium
garnet electrolytes.
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Figure S1. VTPXRD of La based tetragonal garnet LasHf;Li;01,
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Figure S2. VTPXRD of Nd based tetragonal garnets NdsZr,Li;O1, and NdsHf;Li;01,
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Figure S3. VTPXRD of Pr based tetragonal garnets PrsZr;Li;O1; and Pr3Hf,LizO1,
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Figure S4. VTPXRD of Sr doped based tetragonal garnets LaSr,Nb,Li;O1;and
LaSrzTazLi7012
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Figure S5. VTPXRD of LasZr1.75Ceq.25LizO12.
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Figure S6. SEM/EDX of ground powder after pellet sanding, illustrating small amounts
of Al contamination. NdsZr;Li;O1; is the example shown.
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12.7.1 High entropy lithium garnets — Testing the compositional flexibility of the lithium garnet
system.
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p—

Figure S1. 2% inch 3-way G-clamp used to form Li symmetry cells under pressure at 175°C (Cu foil was used to
cover the contact area to prevent cell adhering to the clamp).
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Figure S2. PXRD of HEG1A, whereupon Ga content was reduced to 0.15 to prepare
GaozLis 75La2.sNdo sNbg gsCeo.1Zr1Tip 25012, with numerous unknown impurity phases
which were unable to be removed. 950°C was the first heating step and the remaining
are attempted purification steps on the same sample.



Intensity (arb. units)

| — HEG2

L Ul

20 30 40 50 60 70 80
2theta

Figure S3. PXRD of HEG2 sintered for 14 hrs (rather than 12hrs), showing complete
removal of background peaks ascribed to unreacted Li,COsin the main article.
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Figure S4. SEM and EDX of HEG2 powder, showing a relatively homogenous elemental
distribution of HEG2 with some areas of higher elemental concentrations, particularly
Ga.
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12.7.2 Impedance calculations
Conductivity values for HEG1 and HEG2 were extracted from the high frequency semi-circle/s in the

Nyquist plots and converted to S cm™ by equation 1:

Where | is the electrolyte thickness, R the high intercept of semi-circle on the x axis and A the electrode

area. Capacitance is then calculated via the constant phase element fit (CPE) thus:

1 2
ere = Qi

Where, w is the angular frequency, n is the description of non-ideality, Q is the non-ideal capacitance.

Cis found from Eq. 3
C = (Rl—nQ)l/n 3

This allows calculation of relative permittivity via equation 4.

& = —
€o

Where go is vacuum permittivity (8.854 x 10" F/cm). The related exponents can be found in table S1.

HEG1 HEG2
Roui (Q) 1109 1122
Rgp(Q) 1248 n/a
Ototal (S cm™) 1x10* 2x10*
CPE (F s"Y)punc (Q) | 7.8 x101 7.7 x101
Nbuik 0.920 0.926
Chulk (F) 2.0x10 2.1x10™
Cou*I/A (F/cm) 5.2 x10*? 4.7 x 102
& 59 53

Table S1. Fitted impedance data from HEG1 and HEG2, with exponents used to
calculate capacitance values.
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