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Lithium-ion conducting LisLa3Zr,O12 (LLZO) garnets are being explored as a replacement for the
flammable organic electrolytes used in batteries. However, LLZO garnets require high temperature
sintering to densify the structure, but that microstructure and electrochemical properties can vary
with lithium content as the lithium volatizes during sintering. The effects of sintering the LLZO
garnet requires a detailed examination and study to determine how lithium content can affect
physical properties, phase purity and density, as well as performance through ionic conductivity.
Studying these parameters produced ionic conductivities above 10*S cm™ in samples that had
increased density by enabling liquid phase sintering through the eutectic between Al>O3 and Li20.
Despite this high conductivity, the movement of Li" through a solid electrolyte encounters even
slower kinetics through the rigid electrolyte-cathode interface to the active cathode material. A

cathode for LLZO garnets requires a new design with both ionic conduction and electronic

conduction pathways while reducing interfacial resistance when co-sintered. Excess lithium within



LLZO garnet reduced formation of nonconductive LaCoOs; when co-sintered with the active
material, LiCoO; (LCO), which enables a new completely solid-state cathode for lithium metal
batteries to be designed and interfacial resistance to be minimized. LCO, however, is limited to
4.2 V to ensure long life cycle without lattice deformation. Unlocking the potential 5 V cycling
with of LLZO garnet necessitated the development of a higher voltage cathode. Chlorinating the
oxygen site of lithium spinel, LiMn>Os4, using a citric acid method stabilizes the 2 V plateau, which
increases the capacity to 180 mAhr g'!, and triple doping with Co, Fe, and Ni enables customization
of the properties while shifting the voltage to 5 V. The high voltage spinel and LLZO garnet
enables high voltage cycling with increased safety potential enabling a pathway to a safe 400 Wh

kg! cell, 150 Wh kg-1 higher than the current state of the art.
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Chapter 1: Next Generation Lithium Metal Based Electrochemical

Systems and Characterization Techniques

1.1 Overview of Batteries

Electrochemical storage devices (batteries) have been used in various forms for the past
100 years, storing energy (Watt-Hours or Whr) through electrochemical reactions that can be
released on demand by the user. An electrochemical storage device (Figure 1) is typically where
the reduction reaction occurs in the anode and the oxidation reaction in the cathode. This is made
possible by an electrolyte that allows ion movement between the electrodes and a circuit enabling
the flow of electrons, current (Amp), between the electrodes. The simplified figure of a lithium-
ion battery (Figure 1) displays the operation that has allowed battery technology to become used

in everyday applications.
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Figure 1. Diagram of a standard lithium-ion battery

Lithium-ion batteries (LIB) have grown in prevalence to be included in many everyday

applications since their introduction in 1991. While considered safe since failures are one in ten
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million, the organic liquid electrolyte (OLE) can ignite causing catastrophic failures and injury to
those using them. With the introduction and increased prevalence of electric vehicles (EV), it is
imperative to not only increase safety but also energy density to meet consumer needs, which will
be the focus of this work.

1.1.1 Lithium-lon Batteries
In 1987, Goodenough reported a lithium intercalating cathode, LiCoO> (LCO), which

enabled the production by the battery industry of the LIB at a specific energy of 100 Wh kg™
Through advances in engineering practices, a LIB can approach 250 Wh kg™! ! and has become the
preeminent chemistry in consumer electronics over the last 20 years. Lithium-ion cells have an
intercalation graphite anode and a layered cathode lattice structure, typically LCO. The
intercalation process follows equations (1) and (2) when discharging, where lithium is oxidized on
the cathode (1) and then reduced on the anode (2) while the electron flows through an external
circuit, powering a device.

(1) LiyCoOy + Li* + e~ & LiCoO0,
Q) LiCg o Ce+ Lit + e~

With increasing usage in devices, LIB production is predicted to reach 278 gigawatt-hours per year
in 20212, This will put immense pressure on natural resources®, raise safety concerns from the
standard liquid electrolyte*, and challenge recycling facilities® to keep up with the demand to
manufacture new batteries and develop methods to handle the discarded technologies. It is critical
to increase batteries’ energy storage capabilities, power capabilities, life cycle, and safety to meet
these future demands. For this to be possible, each part of its active material (anode, cathode, and

electrolyte) will need to be optimized.



1.1.2 Anodes for Lithium Based Batteries
The anode in a commercialized LIB is where the reaction between a lithium ion and an

electron occurs in graphite. Graphite has high electrochemical stability, low volumetric changes
during cycling (30%)%, and long cycle life (over 1000 cycles) at low rates. With only one lithium
atom stored per six carbon atoms, there is increased weight of non-mobile material, carbon, in
comparison to the active material, lithium, allowing graphite to have a capacity of 372 mAhr g\,
Graphite also adds resistance to lithium-ion movement because of the small lattice spacing until
lithium is inserted; limiting its rate capability. While currently an industry standard, different anode
materials have garnered interest recently for electrochemical properties that improve on graphite’s
performance.

Li4Ti15012 (LTO) is a spinel structure and has high-rate potential as an anode because of
favorable lattice spacing and 3-d channels’ but is heavier than graphite. Likewise, LTO lowers the
operating voltage (1.56 V vs lithium) from its potential difference with lithium, decreasing the
gravimetric energy density. Also, LTO’s electronic conductivity (energy gap 3.8 eV ® and 3.8x10
®S em™ %) is low and requires additional conductive carbon to overcome this deficiency without
other modifications. This has also been overcome by several different methods: using nano
particles to shorten Li-ion pathways, coatings to increase electrical and ionic conductivity!'®!!,
widening the lattice for quicker lithium intercalation'?, and designing 3-d electrodes that optimize
the lithium ion and electron pathways'>. While it is considered safer’, it fails to increase the energy
density sufficiently for most applications.

Silicon anodes can significantly increase the anode’s energy density by achieving a
capacity of 3600 mAhr g!, the second highest theoretical capacity for anodes, providing additional
energy for most applications. However, pure silicon experiences large volumetric changes during

cycling causing rapid cycle life decay from the loss of electrical connections to the conduction
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network 4. Likewise, kinetic issues can occur during cycling when the solid electrolyte interphase
(SEI) is formed on the anode which can degrade the electrolyte, both leading to increased
resistance!>. One method to mitigate these issues is pre-lithiating the silicon which reduces
irreversible capacity loss but can also reduce the achieved capacity'®. Similar results can be
achieved through electrolyte additives, a porous anode to accommodate volume changes'’, or
using nano sized silicon'8. However, the capacity and energy density will still be lower than the
theoretical capacity of a lithium metal anode.

Lithium metal is the highest capacity anode for lithium-based batteries at 3860 mAh g!
while providing the lowest electrochemical potential (-3.4 V against the standard hydrogen
electrode)!. Despite its benefits, the use of lithium metal in practice has been hindered by
volumetric changes during cycling, an unstable interface in standard electrolytes, and cell failure
from dendrite formation caused by uneven lithium plating?’. Without any engineered mitigation
in place, lithium plates unevenly and strips from different places leading to “dead lithium”?!.
“Dead lithium” becomes detached from the lithium metal, reducing cycle life by decreasing the
lithium metal available for cycling??. As the cell cycles, the amount of dead lithium becomes
larger and longer until finally it connects the cathode and anode; creating a short circuit. This is
exacerbated in standard carbonate-based electrolytes reacting with lithium metal and forming
unstable SEI layers reducing the columbic efficiency?®. Since lithium plates unevenly and reacts
with air, standard electrolytes, and water while forming lithium dendrites, its adoption has been
limited®*. However, lithium metal batteries (LMB) offer the maximum energy density for a
lithium-based battery while some of these problems can be mitigated with material design changes.

The technical challenges of LMB of providing longer cycle life and higher gravimetric

energy density and increasing safety are paramount to their widespread implementation. Lithium



metal dendrite formation can be mitigated with surface coatings on the lithium metal such as
lithium halides (LiX, X=Cl, Br, F, 1) to stabilize the interface, increasing cycle life?> 2%, Solid
electrolytes, i.e. replacing the liquid electrolyte with a lithium ion conducting solid, can accomplish
the same thing as a lithium coating, and enable even plating of lithium?® while also reducing safety
hazards associated with standard liquid electrolytes. To increase energy density to above the
standard 250 Wh kg! while increasing safety, lithium metal should be researched for
implementation into solid state electrolyte rechargeable batteries. The focus of this work will be
on safe SSEs, their physical, microstructural, and electrochemical properties for use in high energy
density LMB.

1.1.3 Liquid FElectrolytes and Safety in Lithium Based Batteries

Lithium ion cells experience failure rates at about one in ten million but with more electric
vehicles being produced (5,000 to 9,000 cells per car), the amount of failures will increase because
of the increase in cells usage. These failures are caused by manufacturing defects and can cause
the cells to go into thermal runaway. Around 90°C, the solid electrolyte interface (SEI) can begin
to exothermically decompose; starting thermal runaway>". Between 130°C and 150°C , exothermic
reactions set in between the electrodes and electrolyte!. These reactions can progress from the
thermal decomposition of the electrolyte, reductions of the electrolyte by the anode, and oxidation
of the electrolyte by the cathode®?. If this heat can be dissipated, the thermal runaway can be
avoided but will continue if the heat cannot be removed. As the temperature increases to above
200°C, the separator melts resulting in shorting of the electrodes, the cathode begins decomposing
and releasing oxygen, and finally electrolyte combustion®® 3*. This can occur under abuse
conditions or under normal conditions if there is a defect within the cell*®>. Research has been

performed to develop drop-in replacements for lithium-ion cells.



Additives into the electrolyte electrolytes are designed to stop one of the thermal runaway
reactions and avoid cell failure, mostly through removing the activated H- or HO- formed during
decomposition of the SEI*®. The principal being the additives releases a chemical at a temperature
to reactive with the activated chemicals®’. This can be flurocynoesters®®, resorcinol bis(diphenyl
phosphate)*’, fluro ethylene carbonates*’, and modified carbene adducts*! are just a few types of
additives being explored. The additives can shutdown the thermal runaway but most would need
to be modified in order to operate with lithium metal and do not remove the flammable organic
liquid. A class of electrolytes that can remove that potential safety barrier are ionic liquids.

Ionic liquids as a class of electrolytes that are molten salts with a melting point well below
room temperature, are typically nonflammable, have high chemical stability, and wide
electrochemical stability*?. There are two classes of ionic liquids: aprotic ionic liquids and protic
ionic liquids*. The main difference resides in the availability of a proton on the cation in the protic
ionic liquid. The anions in aprotic ionic liquids are typically the anions associated with lithium
salts used with OLEs such as BFs+, PFs ,bis(trifluoromethansulfonyl)imide, and
bis(fluorosulfonyl)imide**. These can be combined with imidalzolium, pyridinium,
pyrrolidinium, and piperifinium and with the introduction of the lithium salt is a liquid with ionic
conductivity at room temperature® . Protic ionic liquids are easier to synthesize from neutralization
of an acid and a base and thus cheaper*®. The lithium salt is then added to increase ionic
conductivity when fabricated into a full cell. While promising, more work is required in order to

have longer cycle life and limit dendritic failures.

1.1.4 Solid State Electrolytes for Next Generation Batteries

Solid state electrolytes (SSE) for LMB are lithium-ion conducting solids that can replace

the OLEs in LIB. Several lithium-ion conducting solid ceramic electrolytes have been studied



exhibiting high ionic conductivity on the order of magnitude of 103-10*S cm™ or higher at room
temperature, as well as electrochemical stability and are chemically inert to side reactions with
lithium metal or standard cathodes such as LCO?*. The investigated SSEs include A-cation
deficient perovskite-type (Lag-x3LixBO3)*, LisN*, Li Super Ionic Conductor (LiSICON) and
thio-LiSICON (Lis-2xZnxGeS4)>°, and LLZO garnet (LisLasZr.012). However, each type has its
drawbacks that limits its potential applicability.

A-cation deficient perovskite-type SSE, such as LizN, are structurally complicated due to
disordering on the B-site, like with the addition of Co and Fe®'~>2. However, each may contribute
to long range ordering on the A-site’>. That long range ordering restricts this class of SSE’s
potential use despite the reported conductivity of 10* S cm™ 3+, There are also two structures of
this material in commercial powders, P6/mmm and P63/mmc, and one is not stable at room
temperature making processing difficult and it possesses a low decomposition voltage (0.45 V)*°,
further limiting its widespread application.

Lithium phosphorus oxynitride (LiPON) is another promising class of lithium based solid
electrolytes whose conduction mechanism is not well understood despite being studied since 1992
57_The basic chemical formulation involves a lithium group with a phosphorous oxinitride, PO4N.
LiPON’s conductivity of 0.0064 mS cm™ as well as several structural stability issues limits the
appeal outside of its use in microelectronics®®. While promising with the ability to create thin
layers, scale up and the limited conductivity make it a less promising candidate for widespread use
in EV markets.

Oxygen and sulfur based solid electrolytes offer wider voltage stability and higher
conductivity making them more suited for the higher power required in commercial markets.

Liz+2xZn1xGeO4 follows a LiSICON structure, reacts with lithium metal, and has reached



conductivities of 10 S cm™!, two orders of magnitude less than what is desired for LIB>%¢,
Contrastingly, lithium aluminum germanium phosphate (LAGP) and lithium aluminum titanium
phosphate (LATP) achieve conductivities of 107 to 10* S cm™'. LATP and LAGP follow a
LiSICON structure where TiOg (or GeOs) form the octahedral, PO, the tetrahedral, and lithium
substructure with vacancies allowing for higher lithium conduction. Thio-LiSICON changes the
LiSICON structure to a sulfide and yields an improved conductivity of 10 S cm™ due to the more
polarized S~ replacing the O ®'.However, lithium metal is unstable as the titanium or germanium
reduces with time while its rigidity severely increases cathode interfacial resistance®?, making
manufacturing less than ideal. These electrolytes above have potential with more research, but

none are as balanced in terms of benefits and negatives as lithium-ion conducting garnet.

1.1.4.1 Lithium Conducting Garnet Solid Electrolytes

The lithium-ion conducting garnet structure was first reported in 2003 by Thangadurai et
al. with lithium occupying the sub lattice of the garnet structure®. The initial reported structure
was LisLasM2012 (M=Nb,Ta) (LLNO), measured a lattice parameter of ~12.8 A, and obtained a
conductivity of ~10°S cm™!. In 2007, Thangadurai, Weppner, and Murugan then reported on a
highly stuffed lithium-ion conducting garnet SSE achieving a conductivity of 1.90x10™* S cm’!
with the formula LizLa3Zr2012 (LLZO)%. This highly stuffed structure was the lower conductivity
tetragonal phase (~10° S cm™) at room temperature but a highly conductive, disordered cubic
phase (Figure 2b) at temperatures above 700°C, which has a partially occupied lithium
substructure®. The higher conductivity cubic phase was stabilized at room temperature by dopants

to create lithium disorder which exhibited a high bulk conductivity, ~10° S cm™ ®. Niobium is a



popular choice to stabilize the cubic phase and increase the lattice parameter which correlates to

increasing Li" conduction®®.
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Figure 2a. LLZO garnet tetragonal with filled lithium sites. Figure 2b. LLZO cubic structure
with partially filled lithium sites

Increasing the lattice parameter through increasing lithium content in the lattice and vacancy
concentration increases lithium-ion conductivity67’68. Lithium content, likewise, is crucial to
obtaining a dense microstructure with the correct, disordered LLZO as there are multiple phases
(LLNO and LLZO) and nonconductive phases (i.e. La;Zr>O7) that can form depending on the
lithium concentration. The total conductivity, though, is a function of bulk (majority LLZO phase)
and grain boundary conductivity (density and phase purity), which both are functions of lithium
content. Studying the effects of lithium content should enable a deeper understanding of the role
lithium content has on the three physical properties and thus the total conductivity. This will be
discussed more in depth in Chapter 2 as a study on the impacts of added lithium on LLZO type
electrolytes for LMB.

LLZO garnets have also been shown to be stable against lithium metal, stop dendrites when

dense, and have a wide voltage range (up to 6 V), making it attractive for several high voltage



cathode materials®. The potential cathode materials are diverse, and each has its potential but also

deficiencies for next generation LMB.

1.1.5 Oxide Type High Voltage Lithium Cathodes

The final active part of an electrochemical cell is the positive electrode, the cathode. High
energy, transition metal cathode materials in use in lithium-ion batteries (Table 1) follows the
structure of LiBO> where B is Ni, Al, Co, or Mn with LiCoO; (LCO) being common. The lithium,
oxygen, and transition metal atoms occupy sites on alternating layers with lithium intercalating
between the oxygen layers. The theoretical specific capacity of LCO is 274 mAh g’ but the
practical reversible capacity is 145 mAh g due to structural deformation, cracking, and loss of
electrode connectivity during deep cycling (>4.2 V or up to 0.5 Li per mole) """, This limits either
its cycle life (charging above 4.2 V) or useable capacity by limiting charging to 4.2 V. However,

other cathodes have been developed that can meet future energy demand.

Potential vs. Specific Reference

Li/Li+, average | Capacity

Material Structure \% (mAhr g
LCO Layered 3.9 140 72
LiNiosC00.1Alo102 (NCA)| Layered 3.8 180-200 72
LiNi0.33Mn0.33C00.3302 72

(NMC 333) Layered 3.8 160-170
NMC 811 Layered 3.8 200 73
LiMny04 (LMO) Spinel 4.1 120 74
LiNig.sMnj 8004 74
(LNMO) Spinel 4.7 140

LiFePO4 (LFP) Olivine 3.45 150-170 72

Table 1. List of Specific Capacity and Specific Energy Density of Widely Used Cathode
Materials

LCO is similar in lattice structure to two other commercial cathodes, LixNipsMno.1Co00.102
(NMC 811) and LixNigsC00.15Alo0502 (NCA) with the former having over 200 mAhr g™ and the

latter over 150 mAhr g'!. However, each targets a different consumer market for their respective
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electrochemical properties with NMC for electronics due to the long stable cycle life and NCA for
high power applications such as power tools”. The nickel in both NMC and NCA structures
increases the voltage and enables more lithium to be extracted, manganese stabilizes the structure
for longer cycle life, and the aluminum increases the lattice parameter, which enables higher rates.
These types of higher voltage cathodes are candidates for next generation LMB using LLZO garnet
type electrolytes but must overcome rigid, high resistance, connections at the cathode-SSE
interface.

These types of layered cathodes due suffer from various issues depending on the cathode. LCO
was the first cathode introduced but is limited to 4.2 V on charge and cobalt can account for 25 to
30% of a batteries overall cost’®. This cost burden makes other high nickel content cathodes more
attractive. NCA was introduced for power tools because of its high-rate capability from the larger
lattice spacing’’ but can have degraded cycle life from the high nickel content’®. NMC 811 also
suffers from this low cycle life because of microcracks formed during cycling that results in nickel
dissolution”.

1.1.5.1 Interfacial Issues between Lithium Garnet and High Voltage Oxide Cathodes

Solid state electrolytes require stable interfaces for operation between high voltage (>4 V)
cathodes and lithium metal in order to increase the state-of-the-art lithium-based batteries above
400 Wh kg!. The interface, however, between LLZO garnet and electrodes contributes large
amounts of interfacial resistance that have slowed LLZO development as an SSE for LMB®. This
interfacial resistance can be produced by the microstructure differences, volume changes during
cycling, and lattice mismatch between the garnet and the electrodes®!. Each electrode has these

interfacial issues and each has various mitigation strategies to reduce interfacial resistance.
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The interfacial impedance between LLZO garnet and lithium metal anodes is largely from
the rigid anode/electrolyte surface, in the range of 10%-10° Q cm? ®2. This is further complicated by
nonconductive species such as LiOH or Li>CO3; forming on LLZO’s surface when in contact with
air, specifically the moisture in air®®. Likewise, the poor wettability of molten lithium does not
assist in reducing these rigid solid-solid interfacial problems. However, the reaction between
LLZO garnet and lithium is limited except in conditions above 300°C®*. Over the last few years,
reducing anode interfacial impedance has been of utmost importance towards making functional
solid-state cells® with success in reducing the interfacial resistance to 1 Q cm?.

The interfacial impedance on the cathode introduces the same types of issues as the anode
that also requires mitigation to make an operational electrochemical cell. Uniformity of the
cathode-solid interface can reduce the interfacial impedance when the cathode matches well with
the solid electrolyte®®. However, this is hampered by the volume changes in the cathode during
cycling and the loss of connectivity with LLZO causing a reduction in cycle life?’. New designs
for the cathode-solid electrolyte interface will need to be researched and engineered for solid state
electrolytes to mitigate cycle life loss and reduce interfacial impedance.

Minimizing the impedance between LLZO garnet and the cathode is documented and crucial
for high energy cell development®®. High temperature processing through co-sintering the two
dissimilar materials together can reduce the interfacial impedance by reducing distance between
materials and provide both an ionic and electronic conduction network for cycling®. This can
create a dense composite cathode where the solid electrolyte and composite cathode will have no
physical distance between them and a uniform interface, thus reducing resistance. However, the
two phases react at traditional LLZO sintering temperatures from the loss of lithium and oxygen,

specifically at temperatures greater than 1050°C*°. A study on techniques to reduce this reaction
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for co-sintering LCO and LLZO garnet should diminish the impedance and enable solid state
cycling. The interface and technique will be studied in Chapter 3 to explore a potential path

forward for co-sintering but will be limited to 4.2 V on charge because of the limitations of LCO.

1.1.5.2 Lithium Spinel Cathodes for Next Generation, High Capacity, High Voltage Cathode

LLZO garnet can operate at voltages greater than 4.5 V and one of the cathodes that can
operate at those voltages is doped lithium spinel. Lithium spinel, LixMn2O4 (LMO) (120 mAhr g’
1, follows a LiA>Ox4 structure, is low cost, and environmentally friendly alternative to LCO’".
LMO can be modified through dopants to increase the operating voltage and capacity to compete
against the higher nickel content-layered cathodes like NMC 811 and NCA. Nickel doping in
spinel, LiaMni 5Nips04 (LMNO), has been used to increase the operational voltage to 4.75 V,
which increases the cathode energy®?. This increase in operating voltage is due to the difference
between the electronic band structures of nickel and manganese. To increase the capacity further,
lithium has been reported to occupy vacant tetrahedral sites to double the capacity to 240 mAhr g
"but with reduced cycle life”>. Enhancing the life cycle and maintaining the capacity in the higher
capacity lithium spinel is critical for next generation lithium-ion batteries.

Lattice distortions, such as Jahn Teller (JT) effects during charging and discharging reduce
lithium pathways, and manganese dissolution both limit cycle life when x approaches 0%*. JT
effects can be reduced when the transition metal sites are disordered and form the Fd-3m phase
rather than the ordered P4332%. Anion doping produces this disorder on the transition metal sites
and increases structural stability at higher voltages®®. LMO spinels with a disordered structure
reduce JT effects and increased cycle life can be achieved by anion doping.

97,98

Doping and the ordering of cations®”*¥, oxygen vacancies®’, and surface morphology'®

are just a couple factors that affect the structural, microstructure, and electrochemical properties

13



of LMO cathodes. Nickel and cobalt are commonly doped on the manganese site to increase
operational voltage (4.75 V from 4 V) and enhance rate capabilities'°"!1°2. While, chlorine doping
on the oxygen site increases charge retention, temperature range, capacity, cycle life, and the
voltage window!%>!%. Inserting “B site” dopants (Ni, Fe, Co, etc.) into LMO structure with
chlorine doping the oxygen site will be explored in Chapter 4 by adding three transition metal
dopants and a chlorine dopant to the manganese spinel structure. This spinel structure will then be

used with a LLZO electrolyte to determine the operational feasibility of 5 V operation in a LMB.

1.1.6 Research Objectives for the Next Generation Lithium Based Battery

The change from an OLE to an SSE can increase the volumetric and gravimetric energy density
of LMB (Figure 3a and b) by enabling the use of lithium metal and reducing the size of the
separator layer. LLZO type SSEs can be utilized for high energy density, next generation lithium-
based batteries, however, they require a more complete understanding of the importance of lithium

content on its physical and electrochemical properties.

a b
Consumer Load Consumer Load
Charge Discharge Charge Discharge
1« ,—_j‘_ —
Liquid Electrolyte Solid Electrolyte
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-—
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Discharge
Anode Cathode Anode Cathode

Figure 3a. Diagram of typical LIB. Figure 3b. Diagram of SSE LMB.

Lithium content of LLZO changes depending on the sintering conditions and that content
can determine the phase purity, which greatly affects the final product’s physical and
electrochemical properties'®. Bulk conductivity is a function of phase purity, while grain

boundary conductance is a function of percent density and percent density is a function of phase

14



purity and lithium content. The goal of the first section (Chapter 2) will be to determine the
physical and electrochemical property shifts caused by changing lithium content during both
calcination and sintering.

The focus of the next section (Chapter 3) will be an investigation on co-sintering to reduce
the interfacial impedance between the cathode and LLZO garnet. Through computational analysis,
lithium and oxygen losses in both phases have been shown to increase the reactivity at co-sintering
temperatures'°. Lithium and oxygen loss compensation by engineering excess lithium onto the
LLZO garnet will be considered to reduce secondary phase formation. By co-sintering the SSE
and cathode, the changing electrochemical properties of the composite cathode will be quantified.
The goal of the second section of work will be to stabilize both phases, determine interfacial
resistance, maintain LCO’s electrochemical performance, and demonstrate the ability to cycle in
a co-sintered cell.

Lastly, lithium spinel offers a framework for a high voltage, high-capacity cathode material
that can be paired with LLZO garnet (Chapter 4). Creating and studying the increased capacity
through anion doping to allow a second lithium to be inserted into the structure will be the third
and final part of the research reported. The goal was to increase the capacity to 180 mAhr g!' and
add three separate transition metal dopants into the LMO structure to increase the operating voltage
and determine the electrochemical properties of various dopants. The doped spinel will showcase
the ability of the LMO structure to be tailored for high rates and high energy applications. Finally,
the doped spinel will be utilized with LLZO garnet and lithium metal in a full cell to showcase the
potential next generation type lithium-based battery.

Kinetics are the driving force of several of these studies. For example, in sintering

processes the solid state reaction kinetics determine the degree of densification and is based on
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lithium content. However, the lithium vaporization at sintering temperatures is based on
thermodynamic properties of Li,O that will limit the kinetic sintering driver. This vaporization
process will also drive co-sintering as lithium and oxygen are lost in both LLZO and LCO species.
Finally, all of the parts (composite cathode, solid electrolyte, and lithium metal) packaged together
in a full electrochemical cell will involve electrochemical kinetics of the lithium ion and electron.
Both are key features needed to ensure high energy density, rate capability, and life cycle of the

cell.

1.2 Kinetics of Processes Used in This Work

1.2.1 Calcination and Sintering Kinetics

The LLZO garnet used in this work was made using a solid-state synthesis, which is an
inexpensive option and, outside of the precursors, only involves solvents for mixing. The method
used requires the precursor solids to be well mixed, an appropriate temperature applied to below
the materials melting point, and enough time at the required temperature for decomposition of all
the reactants to form the product. The reactants used to form the base LLZO garnet is expressed

in Eq. 3.

(3) 14LiOH + 3La,03 + 3Z1,0 - 2Li;La3Zr,04,
This reaction, however, is complicated by lithium loss through vaporization of Li,O at calcination
and sintering temperatures'?’, which is typically overcome by adding 10% excess lithium to the
precursor mixture but is just one factor that can influence the solid-state reaction.
Several other factors influencing solid state reactions are contact between solids, rate of
diffusion (temperature dependent), and rate of nucleation!%. The larger surface area of the particles
allows for more contact area between grains for reaction, which can be overcome by increasing

the rate of diffusion of the species which will rise with temperature. When the grains start to bind
16



together, nucleation will become dominant and form a single unit. The three factors (particle size,
temperature, and time) will determine the time required at the reaction temperature. These become
important as more lithium from LLZO volatizes with time which will cause secondary phases to
form!®”. This secondary phase formation becomes critical to avoid especially when solid
electrolytes are formed into single layers through sintering.

Sintering is the reduction of free energy between particles where they are bound to one
another to form a larger structure at high temperatures when the particles are in close contact with
one another. The high processing temperature activates atomic movement and enables the grains
to have the necessary energy to freely move making it a parameter dictating densification, along
with the time spent at temperature. LLZO garnet’s density needs to be optimized through its
sintering conditions in order to increase lithium ionic conductivity while minimizing Li>O losses.

The sintering process for LLZO garnet, like most ceramics, occurs over several stages:
initial, intermediate, and final. Initial stages involve connection between two particles, which is
referred to as “necking” but does not result in any volume decreases. Intermediate stages increase
the neck width and the particles become closer; increasing the density to 70 to 90% of its
theoretical density!'?. The final stage forms a single larger structure where the density reaches
100% but this step takes place on an infinite time scale. These processes can be assisted or hindered
through different mechanisms depending on the powder’s composition, which will become crucial
during LLZO’s sintering.

There are several different considerations for the SSE sintering in this work such as liquid
phase sintering, coarsening, and, specifically for this work, lithium loss at high temperature. Liquid
phase sintering involves a sintering species or added sintering aid that melts at the sintering

temperature which drives the densification from the capillary energy of the system. Conversely,
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the coarsening mechanisms occur during sintering when the activation energy needed to breech
densification reactions is not met, creating more necking. These mechanisms take place during the
intermediate stages and without additional temperature, no amount of time will complete
densification''°. The last consideration is mass loss and loss of kinetic drivers as certain materials
in the system boil or volatilize which will decrease phase purity. The typical sintering process for
LLZO involves a mother powder or lithium source to reduce lithium losses (Figure 4). This system
will require enough lithium to ensure it has fast kinetics to densify before lithium losses become
too great and secondary phases are formed. The two considerations, time and temperature, will be

studied in LLZO type garnet systems to determine the effect of lithium loss.

Li,O

Mother Powder /

LLZO

Figure 4. LLZO garnet typical sintering set up where a green body is placed in a bed of mother
powder and Li,O vaporization occurs at high temperatures

1.2.2 Kinetics of Electrochemical Cells

After sintering, solid-state electrolytes will be packaged into a full electrochemical cell
with two electrodes. The ionic resistance within an electrochemical cell during operation can be
fragmented into several major components: Li ion intercalation into the electrode or
plating/stripping onto lithium metal, desolvating into and out of the electrolyte, movement through
the electrolyte, transport through the solid electrolyte interface (SEI) layer, and the transfer into

the active electrode’s lattice!'!. This is coupled with the electron movement through the composite
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cathode to the active material where the Li* is reacted with the electron and stored in the active
material. For faster rates, the transfer from the electrolyte to the electrode and through the SEI
layer are the critical steps that can enhance Li-ion rate capability, meaning the rates will be limited
unless the SEI and the charge transfer are maximized for Li* transfer!!!. This can be expressed in
Eq. 4 in terms of separate resistances and Figure 5 shows it graphically:

(4) Rceu = Re + Retectroiyte + Rsgr + Ret
This defines Re as the electronic resistance, Reiectrolyte 1S the resistance of the electrolyte, Rsgr is the
resistance of the SEI layer, and R is the charge transfer between the SEI layer and the electrodes.
Each step has its own processes that can be studied and optimized in an electrochemical cell.
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e L& oo
Charge Discharge

Electrolyte
= o Relectrolyte
il = Charge c .
2 9 -— _ omposite
= @ L Cathode
n Discharge

Magnified Composite
Cathode

Li*, Regs and Ry

Active
Material

Figure 5. Resistances within a LMB

The desolvating step involves Li becoming a Li" before entering the SEI layer where it has
been determined that at both interfaces this step is the rate limiting step in charge transfer kinetics
even more so than the electrolyte!!2. This step is almost inescapable in electrochemical cells as the

process involves the charge transfer over a barrier between two layers with two separate activation
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energies. The activation energy of the desolvating process was measured at ~50 kJ mol™! for
electrolyte/LiFePO4 cathode interface'!>. However in a different system with LiMn»Os as the
active material, the ion transfer reaction was found to be 23-25 kJ mol™ in an aqueous electrolyte
system!!'*. These results suggest the cathode-SEI may be rate limiting once the electrolyte layer is
optimized for transport and will be different for each electrolyte/electrode system. The LLZO-
cathode interface may be the rate limiting step in optimized SSE systems and will be studied
through the interfacial resistance after co-sintering.

LLZO garnet has been successfully utilized in cells by several different groups!'!>!1¢, but

17 Understanding this issue and relating it to

lithium losses during sintering remains a concern
structural losses with lithium loss is critical to minimizing kinetic issues in thin, sintered
electrolytes, Reicctrolyte (Chapter 2). Likewise, the de-solvating movement of Li" from the solid
electrolyte into the cathode will need to be investigated, Rsgr and Rct. One way that has been used
to limit de-solvating resistance and interfacial impedance has been co-sintering, which will be
addressed using excess lithium to mitigate nonconductive secondary phase formation (Chapter 3).
Finally, the active material of the cathode itself also can play a role in reducing these issues. By
and by creating submicron grains to enable quicker lithium movement, a lower Rctcan be achieved
(Chapter 4). The work in this thesis will be presented through increasing conductivity in LLZO
garnets by investigating lithium losses (REgiectolyte) (Chapter 2), increasing conductivity at the
interface through co-sintering (Rsgr and Rcy) (Chapter 3), and developing a submicron spinel-type
cathode that can improve the rate capacity of next generation lithium batteries (Rct) (Chapter 4).

All of these parts will involve processes and experiments that will be described in the upcoming

section.
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1.3 Other Processes and Experimentation Used in This Work

1.3.1 Pechini Method (Citric Acid) Method

Pechini Method is a sol gel process that produces a sub-micron sized powder and, in this
work, will be used to create the LMO type cathode material. The method involves separate steps:
forming a chelate between metal cations in the form of precursors, which are dissolved in a
solution, with a hydroxyl carboxylic acid!'®. The mixture is then cross linked with an added aid,
creating a gel through esterification. After the mixture is heated to greater than 200°C, which
breaks down the structure through pyrolysis (charring), the char is then be calcined at the
appropriate temperature to react the carbon-metal mixture and form the final product. In this work,

the final product will be a modified LMO spinel.

The modified Pechini method used in this work included stoichiometric amounts of lithium
nitrate (Sigma Aldrich 99.99%<) plus an excess of 15% to compensate for lithium loss, manganese
nitrate(Sigma Aldrich 98%<), lithium chloride (Sigma Aldrich 99.99%<) (replaces the 15% excess
Li when added), cobalt nitrate (Sigma Aldrich 99.999%<), nickel nitrate hexahydrate (Sigma
Aldrich 99.999%<), and iron nitrate nonahydrate (Alfa Aesar 98%<) mixed in methanol (Fischer
Scientific 99.99%) having the stoichiometry of the following: LiiCoxFeyNi:Mnz.x.y-z04.5Clp
(x<0.05, y<0.05, z<0.05, b<0.15, and a=1)). The mixture was vigorously stirred, then citric acid
was added in a 1.6:1 mol ratio with metal ions during mixing. The mixture was stirred until all the
citric acid was dissolved. Finally, ethylene glycol (Sigma Aldrich 99.8%) was added in a 0.53:1
mol ratio of ethylene glycol to mol of metal ions before being mixed and simultaneously heated to
evaporate the water at 100°C, completing trans esterification. Ethylene glycol has been used to
better disperse materials with ions and promote polymerization of metal-citrate mixtures because

of the added OH group'!®. The mixture was then heated to the pyrolysis temperature of 300°C to
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decompose citrate complex precursor. The remaining precursor was ground and calcined at 650°C
for 10 hours in air with a heating/cooling rate of 10°C min' to limit chlorine loss and form the

LMO spinel structure.

1.3.2 Sintering LLZO Garnet

Sintering processes have been previously described in the kinetics section. Sintered pellets
for the work presented were prepared by pressing calcined powder into 12 mm diameter pellets.
The pellets were then placed in an Al,O3; or MgO crucible, covered in 0.5 g of their mother powder
before being placed in a furnace and heated to the specified furnace temperature. The crucible,
variation in temperature, and time will be specified for each sintering experiment with the

heating/cooling rate being 3°C min™! for each experiment.

1.3.3 X-Ray Diffraction

X-Ray diffraction (XRD) is a materials characterization technique, which can determine
lattice structure information and identify phases. X-rays are generated from the sample by the
scattering of electrons in the atom, in which the strength of the signal depends on the position of
the detector and the relative phase shift (i.e. the lattice structure detected will depend on the
detector angle)'?°. The data obtained can confirm phase purity, lattice deformation from dopants,
and crystallite sizes.

The principles for XRD detection and analysis are described by the Bragg Equation, Eq.
5. Where, XRD is in terms of a reflection of the sets of lattice planes by the angle with n as the
multiple of the wavelength, A is the wavelength, d is inter planar spacing of parallel lattice planes,
and 20 is the diffraction angle.

(5) nA = 2d sinf

22



While simplified, this principal equation is the basis for XRD, enables results to have phases
prescribed to the diffraction peaks, and allows for important structural information, for example
the lattice parameter, to be calculated'?!.

The x-ray interaction with the sample’s lattice is the crucial part of XRD. When an x-ray
interacts with an atom, the electrons in the atom decelerate which emits a characteristic x-ray
(scattering). If these atoms are in a structured plane as seen in Figure 6, a wave, referred to as the
diffraction beam is generated. Waves that are in phase and do not interfere with one another is
called diffraction, which correspond to the planes of a lattice (depending on the beam angle). The
planes of the lattice are represented by the wavelength, which are then displayed by intensity vs.

the angle of diffraction, ® , the resultant diffraction peaks correspond to the plane.
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Figure 6. Graphical interpretation of Bragg's law

Samples of calcined powder or sintered pellets in this work were prepared for XRD by
grounding the sample into a fine powder using a mortar and pestle before being placed into the
XRD sample holder. A microscope glass slide was then used to flatten the sample before being
placed into the XRD. The XRD used in this work was Bruker D8 Advance, Cu-ka and provided
the basis for Rietveld Refinement calculations of lattice parameters and phase purity.

Rietveld Refinement are calculations performed to compute the lattice parameter and phase

purity by fitting the XRD diffraction pattern through a complex minimization procedure. The
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refinement considers four main properties of the pattern: peak shape, peak width, preferred
orientation, and method of calculation'??. Peak shape depends on the deviation from a Gaussian
curve and the refinement take these changes into account to minimize errors. While, peak width,
full width at half maximum, is a function of the diffraction angle that will be used to fit an equation
as part of refinement to find adjustable parameters. Rietveld refinement was performed on all the

XRD patterns generated for this work to determine lattice parameters and phase percent.

1.3.4 X-Ray Florescence

X-ray fluorescence (XRF) chemical characterization was performed on the LMO samples
calcined in this work. X-rays from the sample are generated through ionization caused by the x-
rays generated from the machine and this ionization process creates characteristic x-rays from the
sample (Figure 7). They are then detected in the same way as electron dispersive spectroscopy
(EDS)!%. With high enough energy, the machine generated x-ray can dislodge an electron in an
orbital of the sample, creating a hole, and an outer electron falls into the hole to restore equilibrium.
This act creates an x-ray, which is referred to as x-ray fluorescence. The electron orbitals of each
element have a characteristic energy since each element has different orbitals filled to differing

quantities'?*. In this work, this allowed for elemental amounts to be determined.
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Figure 7. Process of creating an X-ray in XRF

For this work, finely ground sample powder was poured into the sample holder. The sample
holder was then placed into the XRF for analysis. The data was analyzed and fitted through the
software with elemental amounts of the sample and spectra that matches the quantitative amounts.
XRF for this work was performed on a Bruker S2 Ranger. The elements were restricted to sodium

and heavier elements, which necessitated a different technique to measure lithium in LLZO.

1.3.5 Inductively Coupled Plasma-Mass Spectrometry

While XRF is a powerful technique, lithium cannot be detected using it which necessitates
Inductively Couple Plasma-Mass Spectrometry (ICP-MS) for LLZO garnets. ICP-MS instrument
have been used previously for lithium concentration determination in LLZO garnets'?*. ICP-MS
involves connecting an ICP unit with a mass spectrometer (MS), which can utilize several different
types of sample detection, while the ICP portion of the system is generally similar across most

systems. The important process of the ICP system is to create ions of single elements from a sample
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prior to introduction into the MS. The ion formation from the plasma is controlled between 6000-
7000 K where a phonon can be produced by the excitation of outer electron in atoms. The amount
of energy from the plasma can remove that outer electron, creating the free ion for mass

spectrometry 26

. After the ion is free, it moves into the mass analyzer.

Mass analyzers can have different designs depending on how the ions are to be sorted:
quadrupole technology, time of flight and collision/reaction cell technology are several of them
but the time-of-flight analyzer is used in this work. It operates with the free ions traveling through
an ion pulser to accelerate the ions before passing through a flight tube. The heavier atoms will
travel more slowly towards the electrostatic magnet at the back of the tube and then directed into
the detector. The detector is a semiconductor material that creates an electric signal when an ion
contacts the surface where it can be translated into a count vs. the time it takes for the ions to fly
through the tube, which is recorded as the atomic mass per charge'?’.

Select LLZO garnet samples had ICP-MS (Perkin Elmer) performed on them for this work
but required specific requirements to digest them in acid. Two percent aqua-regia from HCI and
HNO:s in distilled water was made as the stock solution to dilute both standards and samples. A
custom standard was purchased and then diluted to create standards with the following elements:
Li, La, and Al. The samples were digested in premade aqua regia and were allowed to fully digest
before being diluted to 2%. Then, the samples were diluted with stock solution so elemental

weights were between 0.1 and 10 mg/L. The samples were run and analyzed using the ICP-MS

software before being normalized to a non-Li element, the lanthanum for lithium garnet.

1.3.5 Raman Spectroscopy

Raman Spectroscopy is a nondestructive, surface level technique that measures phases,

crystallinity, and molecular interaction information based on the sample’s atomic interaction with
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light. Electromagnetic radiation is focused onto the sample which scatters the radiation and is
measured it as a function of wavelength!?®. The laser is focused onto the sample and generates
scattered light that is dispersed. This interaction with the laser generates multiple types of light,
Rayleigh scattering, and Raman scattering!?’. Raman scattering (inelastic) accounts for
<0.00001% of all phonons generated and generates all the structural information. The generated
plot is a function of wavenumber, ®, as cm™ against the intensity where the wavenumber
corresponds to vibrations of both atoms within a structure and compounds.

Sample preparation was done similarly to XRD where the powder samples were ground in
a mortar and pestle to ensure a fine powder was formed. However, sintered samples were polished
with sandpaper before the measurement. The Raman measurements were performed on a Horiba

EVO BX41.

1.3.6 Scanning Electron Microscope

Scanning Electron Microscope (SEM) is capable of imaging microstructures of sintered
samples with submicron to nanometer level details. SEM’s irradiate the area under examination
with a finely focused electron beam, which produces different types of signals: secondary electrons
(SE), back scatter electrons (BSE), and characteristic x-rays or electron dispersive x-rays (EDX),
among other signals'*®. The beam’s interaction with the sample is complex but can be defined into
several steps: first, the electron beam enters the sample and then interacts with the electrical fields
of the atoms. It finally interacts with the electrons in the sample, causing either the electrons to
scatter elastically and laterally (secondary) or to eject electrons (backscatter). However,
backscattering of electrons requires more energy from the electron beam to create enough electrons

to properly image the sample. Likewise, the depth of the electron beam can create different x-rays
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(EDX) and electrons'®!. The focus of this work will be on the images obtained from SE, BSE, and
EDX signals.

SE signals are detected using a secondary electron detector (SED). SEDs are coated with a
scintillator (fluorescent substance) which attracts the SE generated and creates a light after
contacting the detector'®2. The light is then converted into an electron signal and finally into an
image. The other type of detection used in this work is BSE. BSE are electrons that have been
ejected from the nuclei of the sample and undergo a series of elastic scattering events in which
they are emitted from the top of the sample'3*. BSE detectors are semiconductors where electron-
hole pairs are formed when BSEs encounter the detector, and the generated signal is converted
into an image!**. The amount of electron-hole pairs formed corresponds to the energy of the BSE’s
formed, i.e. materials with high molecular weights will have stronger signals and be elementally
lighter. This gives BSE images different information than SED but requires higher accelerating
voltages to generate enough BSEs to be imaged. With increasing voltage and current, x-rays
(EDX) can also be generated. EDX images allow differentiating between elements of the sample.
At high electron beam currents and voltages, the electrons penetrate the inner electron bands where
those electrons are removed and then electrons fall from the upper bands, which generate x-rays.
The EDX detector has a high bias voltage applied to it so that the x-rays create current across the
semiconductor; allowing the original x-ray energy to be calculated'**. The three imaging (SE, BSE,
and EDX) allow for a fuller image to be generated allowing microstructure (SE), phase (BSE), and
chemical (EDX) to be determined.

Samples for each imaging technique are prepared the same and performed during the same
SEM measurement session for each sample. The samples were placed onto electron conducting

carbon tape on the sample holder where solid sintered samples have fractured surface imaged and
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powder is pressed onto the carbon tape before being placed into the SEM. Pellets were imaged
with the fractured edge of the sample. Powder samples were pressed onto the carbon tape and then
shaken off to ensure the powder would not become dislodged during measurements. All SEM for

this work was performed on a JEOL JSM-IT100.

1.3.7 Archimedes’ Method

The Archimedes’ method, a density measurement technique, is accurate within 5% for small
objects'*S. For this work, it was performed on sintered samples to measure their density. The
method’s principle arises from the pressure of the liquid exerted in all directions on the sample,
including the bottom, while the pressure is proportional to depth. Thus, when an item is submerged
and the weight can be measured, the difference of the weight in air and the weight in the medium
(the mass displaced by the sample), divided by the density of the medium will yield the density of

the solid.

Sample pellet densities in this work were measured using Archimedes’ method in IPA in which

density was calculated using Equation 6 where p is the density and w is the weight.

Wpellet

(6) pLLczn =

Pisopropanol
Wpisplaced Isopropanol prop

For this work, this method was performed primarily on LLZO to measure the degree of
densification from sintering, which was described in a prior section. The sintered samples were
weighed and then weigh again while submerged in IPA. The results were calculated using Equation

6.
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1.3.8 Differential Scanning Calorimetry/Thermogravimetric Analysis

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) are
thermal analysis techniques to measure heat required to increase the temperature and weight of a
sample, respectively, as the temperature changes. TGAs include a microbalance to hold the sample,
a thermocouple, and a programmable furnace to heat the sample. The thermocouple measures the
temperature of the sample and the microbalance measures the weight: ensuring the weight change
can be measured with temperature. While DSC involves two different furnaces: a sample furnace
and a reference furnace with a known heat capacity. As the samples are heated, the difference in
the heat required to heat the sample vs. the reference can be calculated based on the energy needed
to heat the samples. In the forthcoming chapters, both processes take place in a simultaneous
thermal analysis (STA) where they are measured at the same time. The samples were weighed
using a micro balance and then inserted into an Argin environment in the system. The heating
profile included an increase in temperature of 10°C min™' to the specified temperature. While the
maximum temperature will be specified for each experiment. All the experiments were performed

on a Perkin Elmer STA 8000.

1.3.9 Electrochemical Cell Construction Using Organic Liquid Electrolyte

Electrochemical cells are traditionally called half cells when lithium metal is used as the
anode. Half cells with organic liquid electrolyte were used to characterize the cathode, with 1M
LiPF¢ in 50:50 mixture of ethylene carbonate:dimethyl carbonate (EC:DMC) (unless otherwise
specified) as the electrolyte, glass separators, and a designed composite cathode in a CR 2025 cell.
The composite cathode included polytetrafluoroethylene (PTFE), carbon black, and an active
material in a weight ratio of 5:15:80 mixed in a mortar and pestle before being flatted between two

rollers and punched into discs. The discs were placed into CR 2025 cells and then dried in a
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vacuum oven at 75°C. The cells were then assembled with three liquid electrolyte-soaked glass
fiber separators between the lithium anode and composite cathode.

Each cell had electrochemical impedance spectroscopy (described the next section)
performed to determine resistivity and connectivity of cell components. After, three charge
discharge cycles between standard voltages (specified depending on cell chemistry) were
performed at 0.5 mA cm™ which is roughly 1 mA in a CR2025.The cells would then have one of

multiple tests performed to characterize the electrochemical performance.

1.3.10 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a characterization technique for
electrochemical devices to measure their resistances. The technique operates by applying an AC
current at different frequencies to the sample with the responding electrical current measured. The
simplest equation that this technique follows is Ohm’s Law. EIS operates under this law but the
data the technique generates is more complex. This equation only follows one circuit but in most
electrochemical cells there are multiple circuits running in series and parallel'*’. This technique is
crucial towards understanding the ionic movement through both solid-state electrolytes and full
cells used in LIB. Each circuit will be different depending on the experimental set up and will be

described in each chapter.

1.4 Conclusions

LIB have different materials, and each requires the above characterization techniques to ensure
the material is the correct structure, is the desired microstructure, and has the needed
electrochemical properties. Likewise, next generation batteries require material improvements to

increase energy density to meet future demands. SSEs, specifically LLZO garnet, possess high
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conductivity, lithium metal stability, and wide voltage windows but introduces new resistances.

Figure 8 describes the resistances investigated in the forthcoming work.

Consumer Load
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Figure 8. The resistances of a LMB and the chapters they will be investigated in

The understanding of crucial aspects such as lithium content and aluminum are paramount
towards creating a manufacturing method to include quality control characterization techniques.
The lithium content of sintered LLZO will be studied in the upcoming sections while, the interface
between LLZO and LCO will be studied to reduce the interfacial impedance between the two.
Finally, new LMO cathode materials to take advantage of the high voltage stability of the lithium
garnet will be explored to create high energy density cells. The techniques needed to study next
generation LMB were described in the previous sections and will be crucial to performing the

forthcoming work.
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Chapter 2: Achieving Desired Lithium Concentration in Garnet Solid
Electrolytes; Processing Impacts on Physical and Electrochemical
Properties

Reprinted with permission from Limpert, M. A.; Atwater, T.B.; Hamann, T.; Godbey, G.L.; Hitz,
G.T.; McOwen, D. W.; Wachsman, E.D. Achieving Desired Lithium Concentration in Garnet
Solid Electrolytes; Processing Impacts on Physical and Electrochemical Properties. ACS Chem.
Mater. 2022, 34, 9468-9478, DOI: 10.1021/acs.chemmater.2c01915. Copyright 2022 American
Chemical Society.

Abstract

Lithium ion-conducting garnet is one of the most promising solid-state electrolytes to replace
liquid organic electrolytes in lithium batteries, resulting in a tremendous and rapidly increasing
number of garnet publications and commercial activity. However, these publications are typically
based on a nominal lithium content with the addition of excess lithium to qualitatively supplement
lithium losses during calcining and sintering, resulting in an inexact lithium composition that
directly influences the sintered garnet’s physical and electrochemical properties. In this study, we
systematically varied the lithium content during processing of Lis 75:xLa275Ca0.25Zr1.75Nbo 5012
(LLCZN), then measured the actual lithium content, determined density and secondary phase
formation, and the impact on electrochemical properties. Molar lithium content after sintering
ranged from 5.5 to 7.3 lithium per mol for a desired 6.75 stoichiometric LLCZN Li-composition,
depending on the starting lithium content and sintering conditions utilized. Secondary phases were
detected when lithium content was outside of the designed stoichiometry, hindering sintering.
Samples sintered in MgO crucibles obtained the high bulk conductivities (>10* S cm™). However,
they exhibited low grain boundary conductance due to secondary phases resulting in total

conductivities on the order of 10 S cm™. In comparison, when sintered in Al,Os crucibles, bulk
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conductivity (2.0 x 10 S cm™) and grain boundary conductance (1.07 x 10 S cm™) reached their
maximum at 6.37 lithium per mol of LLCZN for a total conductivity of 1.68 x 10# S cm™'. While
similar bulk conductivities were attained when sintered in MgO crucibles, the highest total
conductivities were achieved in samples contaminated with ppm levels of aluminum from the

Al O3 crucible.

1. Introduction

Since their commercialization in 1991, lithium-ion batteries have been utilized to power
consumer electronics and more recently electric motor vehicles!*®. Current lithium-ion batteries
have the potential for a catastrophic failure, igniting the organic liquid electrolyte and causing
significant damage. Over the past 40 years, researchers have studied lithium-ion conducting solid
state electrolytes (SSE) such as Lithium Super Ionic Conductor (LISICON) sulfides, lithium
conducting phosphates, and perovskites to replace the flammable organic liquid electrolyte!3%- 144,
Most of these SSEs are nonflammable and have the potential to inhibit cell failure from dendrite
formation. However, each suffers from either low conductivity, reactivity with air, or instability

against lithium metal'*®!%° limiting their applicability in the next generation of lithium-based

batteries.

Thangadurai and Weppner reported lithium-ion conducting garnet, LisALa;Ta;012 (A=Sr, Ba),
that is stable against lithium metal, has low reactivity with air, and possesses a total ionic

conductivity (orota) of 4.0x10% S cm™ 146

, which is a combination of the grain boundary
conductance (Ggg) and bulk conductivity (oBuk). Since then, the structure has been researched

extensively leading to the reporting of a cubic phase with disordered lithium sites possessing GBuik

two orders of magnitude higher than the ordered, tetragonal phase, Li7LasZr,O12 (LLZO) 4714,
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The cubic phase has added dopants to create lithium site vacancies to disorder the lithium sub
lattice. Both phases have dodecahedral LaOs, octahedral ZrOs sites, and lithium filling the
interstitial sites'*’. The cubic phase has two lithium sites: tetrahedral (24d) and octahedral (96h
and 48g) where they are connected and partially filled, which facilitates the higher ionic
conductivity'¥’. Cubic LLZO is typically prepared with 10% excess lithium to account for
volatilization losses during sintering, filling the two lithium sites to an estimated 56% and 88%
respectively, but actual lithium concentration can change depending on sintering
conditions'®147-14° This impacts total conductivity and creates significant uncertainty in reported

LLZO results.

In addition, the type of crucible used is a sintering condition parameter that can significantly
impact the lithium concentration in LLZO type electrolytes. Garnet, like most ceramics, is
typically sintered in Al,O3 crucibles. However, it was found that this results in a small level of
aluminum contamination in the garnet due to the reaction with lithium. This has the benefit of
more easily stabilizing the cubic phase resulting in higher 61ow'>° by impacting osuk and Ges

through increased phase purity and density!®!

. Another method to increasing phase purity is
through the addition of excess lithium salts but they will also react with the Al,Os crucible. Lithium
deficient LLZO or nonconductive secondary phases that slow conduction over grain boundaries
can form during sintering while added lithium has been shown to aid Li" conduction'>?. These
excess lithium salts have proven to be a good binder in SSEs that can form a ‘glassy’ phase during
sintering while increasing density and limiting nonconductive secondary phases!>*!>*. However,
excess lithium salts also cause aluminum migration from Al>O3 crucibles at sintering temperatures

from the reaction between LiO and AlO3, promoting liquid phase sintering thus increasing

density which increases Ggp '°!!1**!35, This reaction creates a eutectic liquid between LiO-AlOs
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at 1055°C with the reaction dependent on the quantity of excess lithium !> 138, In contrast, sintering
in MgO crucibles prevents this contamination. Al,O3 crucibles directly impact Ggg from the Li2O-
AL O3 reaction through increases in density while the nonreactive MgO crucibles does not directly
impact density. Therefore, the crucible material is a parameter in garnet fabrication and was also

investigated herein with variations in added lithium.

How lithium content changes during sintering and the impact of the crucible utilized is crucial
to understanding LLZO’s physical and electrochemical properties. In this work, we report varying
the lithium content in Lis7sLaz75Cao25Zr1.5sNbo.sO12 (LLCZN), calcined through a solid-state
reaction, and sintered in either alumina or magnesia crucibles. The study includes structural
characterization, chemical composition analysis, and microstructural characterization, to
determine the impact of added lithium on the electrochemical properties. Herein, we offer
perspective on how added lithium and its properties change with sintering time, lithium amount,

and crucible.

2. Experimental Section

Stoichiometric amounts of LiOH (Sigma Aldrich 98%<), La,O3 (Sigma Aldrich 99.9%<),
ZrOs (Sigma Aldrich 99%<), CaCOs3 (Alfa Aesar 99%<) and Nb,Os (Sigma Aldrich 99.99%<)
were used to synthesize LLCZN. Either -5 wt.% ,0 wt.%, 5 wt.%, 10 wt.%, 15 wt.% or 20 wt.%
excess lithium was added or subtracted to the precursors, each designated as LLCZNX, where x=
-5, 0,5,10,15, or 20 respectively. A standard sample size of 25 g was used for each sample. The
molar amount of lithium was referred to as the added lithium content. The precursors were milled
in isopropanol (IPA) (Alfa Aesar >99.7%) with 5 mm yttrium stabilized ZrO, milling media

(Advanced Material) for 24 hours, dried, and then calcined in an Al>O3 crucible (>99%) in air at
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900°C for 12 hours. The calcined powders (Pre-Mill) were milled using the same procedure as the
first milling process, and then dried (Post-Mill). Dynamic light scattering (DLS) was performed

on Pre-Mill and Post-Mill powders to determine particle size.

Half a gram of LLCZNX-Post-Mill powder was pelletized into a 12 mm pellet, placed in
an MgO crucible, and covered in the corresponding LLCZNX-Post-Mill powder (0.25 g on the
bottom and 0.25 g over the top, where X is the percent of added lithium) to reduce lithium loss.
They were then sintered for 12 hours at 1100°C in air, ramping up and down at 3°C per minute
and allowed to cool to room temperature. These samples are referred to as LLCZNX-MgO. To
determine the effect of Al,O3; with lithium content on sintering, 0.5 g of Post-Mill powder was
pelletized, placed in an Al,O3 crucible, similarly covered in a bed of mother powder, then sintered
in air at 1100°C for 12, 18, or 24 hours, ramping up and down at 3°C per minute. Theses samples

are referred to as LLCZNX-YHr, where Y is the sintering time.

The phase composition of powders and sintered samples was determined via powder x ray
diffraction (PXRD) (Bruker D8 Advance, Cu-Ka with monochromatic radiation). Raman
spectroscopy was also performed to measure the structural stability (Horiba LabRam HR with a
532 nm Ar" laser as the excitation source). Samples of the powders and sintered pellets (25-50
mg) were dissolved in 4 mL of aqua regia, diluted with deionized water to 2% acid, and then
lithium, aluminum, and lanthanum quantities were determined using inductively coupled plasma
mass spectrometry (ICP-MS, Perkin Elmer Elan DRC II). The results were normalized to

lanthanum quantities to calculate lithium and aluminum molar amounts.

Scanning electron microscopy (SEM) was performed on the fractured edge of the cross section

of a pellet for each sintering condition to detect its morphology (JEOL JSM-IT100). Energy
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dispersive x-ray spectroscopy (EDS) was used for local chemical analysis on the same fractured
edge. Pellet densities were quantified by performing Archimedes’ method in IPA. Electrochemical
measurements were performed on sintered pellets after painting ion blocking Au paste on both
sides, heating to 700°C for an hour to remove the organics, before placing between two stainless
steel plates for Electrochemical Impedance Spectroscopy (EIS) (Solartron SI 1260). EIS
measurements were taken from 1 MHz to 1 Hz at 10 mV. Zview software was used to fit the
impedance data and extract the bulk (Rpuk) and grain boundary (Rgg) resistance with conductivity

determined using equation (7):

=G

where R, 1, and A are the measured resistance, pellet thickness and pellet area respectively. The
results extracted were opuk and the reciprocal of grain boundary contribution to the total

impedance, or grain boundary conductance (Ggg).

3. Results and Discussion

3.1 Calcined Powder

3.1 1 Calcined Powder Results

Lithium content of the calcined powder is the starting lithium content before any pellets
are sintered. For example, LLCZN-5-Post-Mill was pelletized, placed in a bed of the same
LLCZN-5-Post-Mill powder, and sintered. The lithium content, phase purity, and particle size of
these calcined powders impacts the physical and electrochemical properties of the sintered

samples.
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The ICP-MS results of the calcined powders show all samples lose lithium during the
calcination at 900°C for 12 hours (Table 2). This assumes that lithium is lost to the atmosphere
after forming Li,O'>°. Over the entire calcination process, the average molar lithium loss is
7.4+1.2% at a rate of 0.045 mol Li hour™ at 900°C. This yields a relationship where the measured
lithium content after calcining linearly increases with the lithium amount added prior to
calcination, meaning the rate of lithium lost does not appear to be influenced by the amount of
lithium added. Despite the excess lithium measured in several samples, aluminum contamination
from the Al>Os3 crucible is not detected. The results show that when calcining before sintering and

without a powder bed, lithium content will be reduced before a sintered product is formed.

Lithium content has an impact on the phase purity of the calcined powders and the calcined
powders will be used in the sintering studies. Thus, the calcined powder will impact the phase
purity of the sintered samples. PXRD patterns (Figure Sla-b and refinement in Figure S2) of Pre-
Mill and Post-Mill samples displays LLCZN cubic phase (ICDD 45-0109) in every sample with
secondary phases in certain low lithium content samples (Figure S3a-b). The PXRD peak at 29°
and the splitting at 30° are ascribed to La,Zr,07 and CaCO3'%°. The cubic structure can be stabilized
solely by niobium doping in Lis sLa3Zr1 sNbo 5012. This infers CaCO3 begins to form when Li<6.75
and once all of the calcium leaves the garnet structure when Li<6.5 in LLCZN-5, La>Zr,O7 begins
to be detected. These secondary phases will impact the microstructure formation during sintering,

which will have a deleterious impact on Ggs.

Lithium carbonate, which will melt during sintering and may assist in liquid phase
sintering, should be the likely product when measured lithium is above the designed molar amount

but may be amorphous in Pre-Mill samples'®!. The peak at ~1100 cm™ in the Raman of the Post-

39



Mill samples (Figure S4a-b), however, also indicates Li,CO3 formation during the IPA ball milling
step. This formation is further confirmed by the increase in weight loss during TGA between the
Pre-Mill and Post-Mill samples (Figure S5a-b), the decomposition of reaction products between
300 and 800°C (Figure S6a-b), and the increase in the lattice parameters (Table 3 and fitting
parameters in Table S1-3). This reaction should not be an issue as the Li2CO3 will decompose and
add the lithium back to LLCZN during sintering, but a portion will become Li>O vapor'>®. Above
900°C, the weight loss is minimal (~1 wt. %) but is most likely Li,O vapor that will be lost during

LLCZN’s sintering, thus changing its physical and electrochemical properties.

Measured Measured Measured Measured Measured
Percent Added Molar Li Molar Li Molar Li Molar Li Molar Li
. . Content of Content of Content of Content of Content of
Excess Li | Molar Li . . . . .
Added Content Calcined Sintered Sintered Sintered Sintered
LLCZNX LLCZNX- LLCZNX- LLCZNX- LLCZNX-
Powder MgO 12Hr 18Hr 24Hr
-5 6.413 5914 5.53 5.756 5.616 5.412
0 6.750 6.394 6.31 6.275 6.024 5.908
5 7.088 6.558 6.48 6.370 6.297 6.035
10 7.425 6.768 6.59 6.567 6.474 6.203
15 7.763 7.189 7.11 7.106 6.757 6.543
20 8.100 7.481 7.27 7.337 7.219 7.085

Table 2. Formulated molar lithium content; and measured lithium content after calcining for
900°C at 12 hours, sintering in MgO crucibles at 1100°C for 12 hours, and after sintering in an
Al>Os3 crucible for 12, 18, and 24 hours at 1100°C.

Lastly, particle size of the calcined powder has an impact on the microstructure and thus
electrochemical properties of sintered LLCZNX (Table 3)!%2. Before milling, the particle size is
larger than the 3 um maximum detection limit of the DLS. Whereas in Post-Mill samples, all are
submicron as with the powder used in previous studies'®®, which should be conducive for dense
microstructures to limit lithium dendrite formation. The particle size of the Post-Mill samples is

small enough that it should not be a large factor in the final sintered microstructures regardless of

crucible.
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Excess . . .
Lithium |Added Molar| MeaSUred Li |5 o viill Lattice| Post Mill Lattice |F 27ticle Size of
. Amount After Post Mill
Amount | Li Amount L Parameter (A) | Parameter (A)
(%) Calcination Samples (nm)
-5 6.413 5.914 12.939 13.032 581
0 6.750 6.394 12.969 13.032 603
5 7.088 6.558 12.952 13.042 676
10 7.425 6.768 12.930 13.034 702
15 7.763 7.189 12.929 13.032 866
20 8.100 7.481 12.922 13.027 994

Table 3. Physical properties of powder after calcined at 900°C for 12 Hours

3.2 Aluminum-Free Results

3.2.1 Aluminum-Free Sintering ICP-MS Results

Every sample sintered in a MgO crucible contains less molar lithium than it did before
sintering (Table 2). As with the calcined powder, the trend between the measured molar lithium
content and the added lithium content for these sintered samples remains linear. However, the
average cumulative lithium loss after this sintering procedure is 9.8+2.5%, a change of +2.4% from
the calcined powder (Figure S7). Likewise, the rate of lithium lost during sintering (0.014 mol Li
hour) is slower by 0.031 mol Li hour! when compared to the rate during calcination. This
decreased rate occurs despite a higher temperature (1100°C vs. 900°C) and the same amount of
time at the processing temperature (12 hours), likely due to both reduced pellet surface area
compared to powder, and the powder bed limiting but not completely stopping lithium loss. These

changes in lithium will impact the physical and electrochemical properties of the sintered samples.

3.2.2 Aluminum-Free Sintering PXRD Results and Discussion

Secondary phases typically formed during processing LLZO type SSEs can be the result of
lithium deficiencies, are nonconductive, and will slow conduction across the grain boundaries.
PXRD data of the samples sintered in MgO crucibles (Figure 9, Figure S8, and fitting results in
Table S4) displays cubic LLCZN phase but also La;Zr,07 and CaCOs in every sample!®® with

Raman confirming their presence (Figure S9). These secondary phases are in larger quantities
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when compared to the calcined powder samples and may be from a reaction between MgO and
CaCOs5'"* or NbyOs'%. However, neither EDS nor ICP-MS results indicated any Mg in the
samples. LLZO type garnets generally have better performance when sintered in MgO!%, but
previous studies utilize different dopants. Regardless of the cause, these secondary phases detected

in PXRD will hinder Li" transport across the grain boundaries.

100
90
; ¢ 0 ¢
80 %
(% 70 + Lr’\a
Tt 60 | I_I“i
S e LLCZN =
o 50 r Q
a :
()
@ 40 ¢ CaCO, 2
T 30 | 5
20 | A LayZr,0, 8
10 o $] s . s
0 1 I} 1 1 |I LI 1 I |I
5 55 6 6.5 7 7.5

Measured Molar Lithium Content

Figure 9. Cubic LLCZN and secondary phase versus measured lithium content for MgO crucible
sintered samples. Circles are cubic LLCZN, triangles are La;Zr>,O7 and diamonds are CaCOs.

Lattice parameters are calculated from the PXRD results and are an indicator for the
resistance a lattice has to Li” movement, or opui. As excess lithium is added, the measured lattice
parameter generally expands (Table 4), but this trend falters in LLCZN5-MgO and LLCZNO-
MgO. These samples increase in lattice parameter, potentially from a reaction with air or formation
of a lower lithium content phase. Excluding these samples, there is an increase in lattice parameter

with measured lithium between LLCZN5-MgO and LLCZN20-MgO with a percent difference
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between calculated and actual of 0.33% (Figure S10 and Table S5). The higher lithium content
samples also exhibit higher opuk in part because of the larger lattice spacing being beneficial for

Li" movement (vide infra).

EI;T::;HI; I;f:;ﬁl\’ii;l Pl(jztt 3: ill P;;::l:f:(cefer P;;::l:f:(cefer P:;::r:fizser P:;::r:fizser
Added (%) | P o P " | LLCZNX- | LLCZNX- | LLCZNX- | LLCZNX-
MgOA) | 12HrA) | 18Hr&) | 24Hr(A)

E 12.939 13.032 12.928 12.930 12915 12.919

0 12.969 13.032 12.932 12.927 12.930 12916

12,95 13.042 12921 12916 12.922 12.920

10 12.930 13.034 12.926 12919 12916 12.920

15 12.929 13.032 12.939 12.925 12918 12915

20 12.922 13.027 12.943 12919 12.906 12,921

Table 4. Lattice parameter after calcining for 900°C at 12 hours, sintering in MgO crucibles at
1100°C for 12 hours, and after sintering in an Al,O3 crucible for 12, 18, and 24 hours at 1100°C.

3.2.3 Aluminum-Free Sintering Microstructure Results and Discussion

Large lattice parameters are associated with high ouik, while a dense microstructure is an
indicator for high Ggg. For the MgO sintered samples, the quantitatively measured density does
not have a trend with measured molar lithium (Figure S11). While the numbers say the samples
look promising, the SEM and EDS images tell a different story. The images qualitatively indicate
all microstructures include pores, visible grains, and segregation of calcium, which are not ideal
for conductivity (Figure 10). The microstructures can be divided into two distinct categories: 1)
low lithium, porous samples and 2) highly lithiated samples with lower quantities of visible grain
boundaries. The high lithium content samples confirm that grains can grow and eliminate pores
during sintering without AlbOs. However, calcium is still concentrated and not dispersed
throughout the microstructure in all samples, which may limit Ggs from the nonconductive calcium

species adding resistance. Creating a dense structure would require processing changes, such as a
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sintering aid (e.g. Al2O3) or changing dopants, to ensure phase purity while determining lithium

loss at with these new conditions.

SEM Image

Calcium

Figure 10. SEM and calcium EDS images of fractured edge of the cross section of samples
sintered in MgO crucibles

3.3 AbO3 Crucible Sintered Samples

3.3.1 Lithium and Aluminum Content Results and Discussion

Samples sintered in AI>O3 crucibles have variances in both lithium and aluminum based on the
sintering time and lithium content that are different the MgO sintered samples investigated in the
previous sections. The three sintering times used with the Al,O3 crucible (12, 18, and 24 hrs) all
show linear molar lithium content versus the added lithium content but decreasing as sintering
time increases (Table 2 and Figure 11). After sintering in Al,Oj3 crucibles, the rate of lithium loss
from the calcined powder is 0.012, 0.018, and 0.022 mol Li in LLCZN hour™! at 1100°C for 12,
18, and 24 hours. These are decreases of 0.033, 0.027, and 0.023 mol Li in LLCZN hour! from
the rate during calcination. The increasing rates are also seen by the cumulative lithium losses
which increases from to 9.5+£1.6%, 11.8+1.0%, and 14.6%+1.7% from 12 to 24 hours of sintering.
The rate of lithium loss increases with time and appears to be a quadratic formula which allows
the measured molar lithium content after sintering to be estimated from the added lithium content
(Figures S12-14). Lithium content and time will impact the amount of Li>O reactant that can react

with the Al,O3 crucible.
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Figure 11. Measured molar lithium content vs. the added molar lithium content of samples
sintered in Al2Os crucibles

Aluminum migration from the crucible is related to lithium content and will influence the
lattice and the microstructure, which impacts opux and Ggg respectively. ICP-MS results of the
sintered samples (Table 5) determines aluminum influx from the AlbO3 crucible when either the
measured Li is above the designed stoichiometry of 6.75 or is measured between 6.20 and Li=6.50
(Table S6). In both cases, Li2O reacts with the Al,O3 crucible during sintering, which creates a
Li,0-AlLO3 eutectic liquid that can also dope the LLCZN structure. As aluminum is doped onto

lithium sites, lithium vacancies and Li>O are formed as expressed by Kroger-Vink notation (Eq.

8).
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(8) 6L + Al,05 - 2Al}; + 4V/; + 3Li,0

For example, the measured aluminum would be sufficient in LLCZNS5-12, which measures
Li=6.37 and Al=0.18, to dope the lattice and maintain the structure without forming secondary
phases, despite measuring below the designed Li=6.75. The amount of available lithium in this
sample to react with the crucible and have Al dope the structure is self-sustaining. Li>O reacting
with the crucible creates opportunities for additional lithium to react through the resulting in
greater aluminum incorporation. This aluminum contamination is correlated with lithium and will
impact Ggp through its influence on the microstructure but may also impact ogukx though

aluminum’s potential incorporation into the lattice.

Measured Measured Measured Measured Measured

Molar Al Molar Al Molar Al Molar Al Molar Al

Percent Designed Content of Content of Content of Content of Content of

Excess Li Molar Li Calcined LLCZNX- LLCZNX- LLCZNX- | LLCZNX-24
Added Content LLCZNX MgO 12Hr 18Hr Hr

-5 6.413 0.000 0.000 0.000 0.000 0.000
0 6.750 0.000 0.000 0.000 0.000 0.000
7.088 0.000 0.000 0.184 0.100 0.105
10 7.425 0.000 0.000 0.011 0.015 0.020
15 7.763 0.000 0.000 0.037 0.114 0.201
20 8.100 0.000 0.000 0.550 0.308 0.137

Table 5. Molar aluminum content after calcining for 900°C at 12 hours, sintering in MgO
crucibles at 1100°C for 12 hours, and after sintering in an Al>O3 crucible for 12, 18, and 24 hours
at 1100°C.

There are key similarities and differences between the ICP-MS results of the samples from
the MgO crucible and the Al,O3 crucible. The LLCZNX-12Hr and LLCZNX-MgO samples were
sintered for similar amounts of time and measure similar lithtum amounts, enabling a direct
comparison to ascertain crucible effects. The main difference between the sets is no aluminum is
detected in LLCZNX-MgO samples, which will impact the physical and electrochemical

properties. Al>O3 can aid sintering processes and dope the LLCZN structure, making it a versatile

46



dopant but cannot be easily controlled through contamination. The similarities between the lithium
contents allow for an investigation into the crucible effects on the lattice, microstructure, and

finally the electrochemical properties.

3.3.2 Structural Characterization and Discussion of Pellets Sintered in Al»O3 Crucibles

As the measured quantities of lithium and aluminum varies, the phase purity of the samples
changes, which will impact Ggs. PXRD data of the pellets sintered in Al>O3 crucibles shows cubic
LLCZN in every sample with secondary phases becoming more common when Li<6.75 (Figure
12 and Figure S15-17, with fitting results in Table S7). As in the MgO sintered samples, the PXRD
peak at 29° is LaxZr,0O7 and the splitting at 30° is CaCOs3. These secondary phases are reduced and
finally eliminated when Li>7. However, CaCO3 formation is limited in samples with high
concentrations of aluminum but also low lithium, such as Li=6.37. When Li<6.2, secondary phases
are detected in every sample and increases with sintering time (Figure S18a-c). PXRD of the
samples indicates the Al2Os crucible offers structural stability when high aluminum or lithium is

detected, which will be beneficial for Ggg.

Ordering of the lithium sites in garnets has been investigated and can slow conduction
through the lattice, rather than over the grain boundaries. When designed at Li=6.4 in garnet, the

molar lithium content has been shown to limit short range ordering'*’

. Ordering of the lithium sites
has been previously reported using Raman spectroscopy'®’, however, we did not detect ordering
in this work for samples with Li>6.30 (Figure S19-21). In our work, the sample closest to Li=6.4,
with measured Li=6.37, has high phase purity despite low lithium content, likely aided by the
aluminum content (Al=0.184). The difference between this study (measured lithium) and others

with similarly designed lithium amounts may be due to lithium loss at the differing sintering

conditions, making a direct comparison difficult. It should be studied further to determine if
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Li=6.37 is indeed a thermodynamically favorable lithium quantity regardless of designed lithium

content and the effects on cBulk.
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Figure 12. LLCZN phase percentage versus measure lithium content overall the sintering times.
Circles are cubic LLCZN, triangles are La;Zr,07, and diamonds CaCO:s.

Bulk conductivity can also vary based on the lattice parameter of LLZO garnets and for

our work, the lattice parameter of the LLCZN phase for the samples sintered in Al2O3; generally

decreases with increasing lithium (Figure S22 and Table 4), in stark contrast to those sintered in

MgO crucibles, and generally decrease with sintering time but that is a limited relationship (Figure

S23). Samples highly contaminated with aluminum may have aluminum entering the lattice

thereby decreasing lattice parameters

168 Aluminum has a smaller ionic radius than lithium (53.5
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pm for Al vs. 76 pm for Li) and forms two vacancies for every aluminum doped into LLCZN due
to charge balancing, further shrinking the lattice!¢>!7°. Shrinking lattice parameters in these

samples may introduce resistance to lithium movement through the lattice, decreasing cpuik.

The phase information from PXRD, Raman, and the calculation of lattice parameters as
lithium and aluminum changes will help explain their influence on both Ggs and osuk. When
comparing the PXRD and Raman results, samples sintered in Al2O3 crucibles show better phase
stability than their counterparts sintered in MgO crucibles, despite comparable lithium contents.
This is clearly seen by calcium appearing more stable in the garnet lattice when there is aluminum
present versus the high CaCOs concentration throughout the MgO samples. While aluminum can
easily enter the garnet lattice, magnesium has not been reported to enter up to 1250°C!7!. This is a
key difference in the PXRD between the two sets of samples: Al,O3 is more compatible with the
materials system and sintering conditions than MgO. Changing dopants may allow for greater
stability with the MgO crucible but in this study Al.O3 appears more beneficial to LLCZN’s phase

stability.

Lastly, the decrease in the lattice parameter of the samples sintered in Al>O3 crucibles with
lithium is contrasted with the MgO sintered samples where the lattice parameter generally
increases with lithium, showing a potential impact of the crucible. The lattice parameters of the
samples sintered in MgO are mostly higher regardless of sintering time but are much higher in
LLCZN15-MgO and LLCZN20-MgO. This may have operational impacts as bulk conductivities
in LLZO type SSEs have been shown to be lower in samples with smaller lattice parameters'’2.
The higher phase purity in Al,Os3 sintered samples will show an increase in Ggg by decreasing
nonconductive species that may block Li" conduction through the pellet while the MgO samples

may have higher osuxk enabled by the larger lattice.
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3.3.3 Microstructure Results of Sintered Pellets in Al,O3 Crucibles

Microstructure and density impacts Ggs by eliminating grain boundaries and creating a single
dense electrolyte layer. The green density of the pressed pellets indicates a structure with an
average density of 3.6+0.075 g cm™ (Figure S24) with small variations between samples.
Conversely in the sintered samples (Figure S25), higher aluminum content, lithium content, or
both is indicative of densities above 90% theoretical. Quantitatively the Al>O3 crucible sintered
samples measure high densities but, like the MgO sintered samples, the qualitative images show

features that will limit Ggg.

Preferred microstructures of LLCZN for Ggs should have a low quantity of pores, minimal

grain boundaries, and dispersed elements!”’.

In samples when Li<6.75, the quality of
microstructure depends more so on the quantity of aluminum contamination from the crucible
(Figure 13). EDS of the Li=6.474 sample does not detect any aluminum and has small visible
grains while the calcium signal becomes concentrated rather than dispersed throughout the
microstructure. This is a common microstructure in samples below Li=6.27 (Figure S26). When
CaCOs is formed, which is more common when Li<6.75, calcium is concentrated in the
microstructure (Figure S27), which will impact Ggs. As more aluminum contamination occurs,
for example in Li=6.370, calcium becomes more dispersed but when aluminum decreases with
decreasing lithium, the calcium signal becomes stronger and the microstructure shows more visible
grains. This matches with the higher secondary phase amounts detected in the XRD results. This
can occur due to charge balancing from Al incorporation into the LLCZN structure. AI** is
preferred to dope on the Li sites in low quantities and removes three Li in order to balance the

charge, leaving extra lithium. To remain in the structure, Ca** can dope the La’" site, enabling an

extra lithium to remain in the structure to balance the charge. As the lithium and aluminum in the
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sample decreases, calcium incorporation into the lattice ceases. Two of the samples, despite low
lithium content, obtain the preferred microstructures for high conductivity in part from the

reduction of secondary phase formation, likely aided by aluminum contamination.

K

' Li=6.474

~

SEM Image

Calcium

Aluminum

Figure 13. SEM and lithium and aluminum EDS of the fractured edge of the cross section of
lower lithium contents. Measured lithium and aluminum molar contents are shown where
applicable.

High lithium content samples show larger grains and dispersed calcium, aided by the high
phase purity, but three of the four samples still have visible grain boundaries (Figure 14). In these
samples, there is excessive amounts of aluminum causing liquid phase sintering which results in
abnormal grain growth that requires longer sintering times to eliminate the pores. As lithium
increases, aluminum generally becomes concentrated and not dispersed. The glassy Li>O-Al>O3
phase binds the grains together and promotes grain growth!’*. However, this phase becomes
concentrated at the grain boundaries which appears to stop pore elimination and may limit
conduction over the grain boundaries. LLCZN15-12Hr (Li=7.106, Al=0.037) is the only sample

were aluminum did not hinder pore elimination owning to the relatively low Al:Li ratio. Like
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calcium with the low lithium samples, the excess aluminum may slow conduction over the grain

boundaries and limit Ggg.

SEM Image

Calcium

Aluminum

0 pm 10 pm 10 pm

Figure 14. SEM and lithium and aluminum EDS of fractured edge of the cross section of higher
lithium contents. Measured lithium and aluminum molar contents are shown where applicable.

Samples sintered in Al>O3 crucibles develop better microstructures for conduction than the
MgO sintered samples. While they do have calcium concentrated rather than dispersed, MgO
samples display density and microstructure patterns similar to their Al2O3 sintered counterparts,
including the rise in density around Li=6.370. Unlike the MgO sintered samples, Li,O-Al>O3 liquid
and aluminum’s stability with LLCZN’s dopants leads to higher phase purity and appears to be a
factor in the development of the preferred microstructures. In comparison, excess lithium melting
in MgO sintered samples is not enough to offset lower phase purity, which leads to slower
densification processes and calcium concentration. These differences between the two crucibles in

microstructure development will impact each of their respective Ggg and ootal.
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3.4 Electrochemical Results and Discussion

SSE’s require high total conductivity (> 10* S cm™') which is the combination of cpuk and
Gog, where each may be influenced by the lattice parameter and microstructure, respectively. Bulk
(Figure 15) and grain boundary resistance (Figure 16) (Rpuk and Rgs, Ohms) were ascertained by
modeling the EIS data. Most Nyquist plots of the samples included two distorted semicircles and

a tail in the low frequency range. These Nyquist plots and the models are included in Figure S28a-
d where, 6Total (Ohm™ cm!, or S cm™!) is a function of both the Ggp and the oy, Equation 9,10,

and 11.

) Gpure = —(5)

Bulk
1 l
(10) Gos = 7—(3)
1 1 1
(1 1) OTotal B @ + OBulk

Rpui is assumed to be the high frequency data and the Rgg 1s assumed to be the middle frequency
data!”. This is further confirmed through capacitance values obtained from the model, where 10°
12F is Rpuk and 107! to 10 F is the grain boundary!’® (Table S8 and S9) in good agreement with
other reported LLZO type electrolytes!”’. Another semicircle forms after the grain boundary
resistance in the low frequency range and based on the capacitance values (below 107 F), it is
assumed these resistances are from the Au-LLCZNX interfaces'’>. In certain samples, however,
the bulk and grain boundary cannot be separated out by comparison of the capacitance values
(Table S10). Distribution of relaxation times (DRT) is required to determine the different

electrochemical processes for each sample.

DRT when combined with EIS data is used to identify the characteristic distribution of EIS

timescales (Figures S29-34) and assists in separating out contributions to the conductivity. The
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MATLAB GUI DRT tools, provided by Wan et al.!”8, shows the EIS data has several distinct
sections for relaxation times. The relaxation times below 10 s correspond to the fast motion of
the Li* migration in the Wyckoff 96h«>24d«>96h route through the lattice!”®. Several samples
have a second peak above this timescale that may correspond to lithium migration of
8a«>16f<—96h in tetragonal LizLa3;Zr2012 '8 but these are minor peaks cannot be differentiated
fully from the cubic phase. As all samples have a peak above 107 s, the initial resistor in all samples
is assumed to be Rpuk. The middle section, between 5x107° and 10 s is attributed to the grain

boundary contribution '8!

. However, there are peaks in this section that cannot be attributed to pure
grain to grain resistance!”’. These secondary peaks indicate abnormal movement over the grain
boundaries potentially caused by aluminum migration from the crucible or secondary phase
formation, such as La;Zr,O7 or CaCOs. This is similar to the overlap between grain and bulk
resistance sections, such as in Li=6.54, where more than one peak is introduced in the bulk
resistance area. More work is needed to differentiate the two sections to separate out the different
EIS contributions of these abnormal grain-grain resistances. As they appear to be minor in
comparison with the main grain boundary contributions, they are combined in this work to be the
total grain boundary resistance. The last section of time constants which is slower than 107 s
corresponds to LLCZNX-Au interface and the Li* blocking of the Au paste!'®2. In comparison, the
relaxation frequencies indicate similar results to the DRT. LLCZN5-MgO, for example, shows
comparable relaxation frequencies for the third circuit in the model to the circuits attributed to the
grain boundaries (Table S11 and S12). These may be the abnormal grain boundaries caused by
different grain boundary compositions and are included in the total conductivity calculations.

Likewise, several bulk resistances show higher relaxation frequencies than detected in the DRT,

such as in the MgO sintered samples. The relaxation frequencies are computed using the results of
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the EIS model and project the initial circuit to higher frequencies than the measured frequencies
performed during EIS. The chemical composition of the bulk can change the relaxation times by

up to two orders of magnitude'”

causing some samples to measure lower frequencies. More work
is required to determine if multiple phases are present in these samples and their effect on
relaxation frequency. The DRT when combined with the fitting results indicate there are two
contributions to the electrochemical properties of the samples, Li" movement through the lattice

and Li" conductivity over the grain boundaries where the larger resistances at higher time scales

are assumed to be the interfaces between Au and LLCZNX.

Bulk conductivity increases with lithium content in both crucibles (Figure 15) but is not
correlated with sintering time (Figure S35 and S36) and weakly correlated with lattice parameter
(Figure S37). Though it rises with lithium content, lithium content does not have as strong of an
influence over the opuk (2.0 x 109 S cm™ t0 2.0 x 10* S cm™!) when compared to Ggs (2.31 x 107
Sem't01.07x 1073 S em™). Maximum opui is detected in Li=6.37 and the samples above Li=6.75,
which occurs in both Al>O3 and MgO sintered samples before decreasing again in LLCZN20-
MgO. As the LLCZN is fully stabilized either through added lithium or aluminum contamination,
the opuik increases in both MgO and Al>Os3 sintered samples. Once the phase is stabilized above
Li=6.75, the opui varies minimally between samples and plateaus close to the maxima opuk
measured in this work. While the trends are similar, the oguik of samples above Li=6.30 of samples
sintered in Al,Os3 crucibles are consistently near the maxima. This is contrasted with the samples
sintered in MgO crucibles which only achieve higher oguik above Li=6.75, indicating issues with

either the calcium or the aluminum.
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Figure 15. Measured bulk conductivity versus measured lithium content for Al,O3 and MgO
sintered samples

The higher lithium content samples sintered in MgO crucibles measure larger lattice
parameters than the ones sintered in Al2O3 crucibles but obtain similar oguik. This is indicative of

183 or 2) larger lattice

two potential issues: 1) calcium having minimal impact on bulk conductivity
parameters having a negligible effect on conduction when measured lithium content is above the
designed lithium content. Calcium has been shown to have lower o1otal When compared to other
alkaline earth metal dopants in LLZO garnets'®*. Combined with the current results where calcium

did not appear to be in the LLCZN lattice in the MgO samples, the impact of the calcium requires

further investigation to determine if it is thermodynamically favorable to remain in the structure
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under certain sintering conditions. This includes sintering on MgO crucibles and then determining
its impact on the electrochemical properties. Lastly, the larger lattice parameters of the aluminum
free samples do not appear to enable faster conduction. This should also be studied more to
determine if this trend continues for Al-free, pure phase LLCZN. It is crucial to maximize Ggg but

should not be at the expense of slowing conduction through the lattice.

Measured Ggg typically rises with increasing lithium (Figure 16) in both sets of samples
unless it is between Li=6.30 and Li=6.58 or above Li=7.10 (Figure S38). It also has a weak
correlation with sintering time (Figure S38 and S39) but has a stronger correlation with theoretical
density percentage (Figure S40). Below Li=6.28, Ggs generally decreases with declining lithium.
While between Li=6.30 and Li=6.58, there is a local maximum conductivity of 1.07 x 10> S cm’!
at Li=6.37, which is also a LLCZN pure phase material with high aluminum content. This is not
exclusive to this one sample as all samples in this range are contaminated with aluminum from the
crucible and measure Ggg outside of the expected increase with lithium as displayed by the samples
below Li=6.30. By Li=6.58, the Ggg decreases to follow that linear pattern displayed by the
samples below Li=6.30. After this range, Ggs increases but begins to decrease after Li=7.10 or
when aluminum content rises. In contrast, MgO crucible sintered samples have similar trends but
measure about an order of magnitude lower than their Al,O3 crucible sintered counterparts after
Li=6.75 despite similar lithium amounts. This indicates the impact on Ggg of the better phase

purity and preferred microstructure of the samples sintered in Al>O3 crucibles.

Microstructure development has a direct impact on the measured Ggs as aluminum
contamination impacts the microstructure development. MgO samples tend to be less dense, form
more secondary phases, and have calcium concentrated. While their Al2Os crucible counter parts,

have lower quantities of secondary phases, larger grains, minimal pores, and dispersed calcium.
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This offers several potential reasons for the decrease in Ggg from MgO to Al,Os crucibles: 1) MgO
is not stable with the LLCZN elements leading to development of nonconductive species and 2)
AL O3 crucibles has beneficial impacts on both lattice and microstructure. For example, LLCZNS-
12Hr (Li=6.37) obtained the maximum Ggg owning to the large grains and minimal visible pores.
The microstructure developed with a mix of higher phase purity from more aluminum content
which may have also assisted with liquid phase sintering. LLCZN5-MgO, by contrast, also had
an increase in Ggp around this point from potential LioCO3 melting but not enough to overcome
the large quantities of secondary phases slowing conduction through the microstructure and
developing a microstructure with visible grains and pores. Overall, high density, minimal
secondary phases, and dispersed calcium, properties not seen in MgO samples, are physical

properties that indicate lower grain boundary conductance.
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Figure 16. Measured grain boundary conductance versus measured lithium content for Al>O;3
and MgO sintered samples

The oTotal of LLCZNX generally rises with increases in lithium but reaches a maximum of
1.68 x 10* S cm™ in LLCZN5-12Hr (Li=6.37) (Figure 17). This is similar to the MgO sintered
samples where LLCZN5-MgO reaches a local maxima of 1.84 x10° S cm™ (Li=6.48). However,
the orotal for MgO samples are more than a half an order of magnitude lower than the Al,O3
counterparts. Total conductivity follows the bulk conductivity and grain boundary conductance
results by having a correlation with lithium more so than time (Figure S41 and S42). Samples with
a measured lithium content below Li=6.30 have a linear correlation with lithium content but this
does not continue when aluminum is introduced in the samples between Li=6.30 and Li=6.54.

Aluminum migration reduces the linearity of the oTotal trend while MgO samples showed limited
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linearity due to secondary phase formation throughout all samples. LLCZN5-12Hr (Li=6.37),
LLCZN18-12Hr (Li=6.76), LLCZN20-24Hr (Li=7.08), and LLCZN15-12Hr (Li=7.11) combined
high bulk conductivity with high grain boundary conductance. Contrastingly, secondary phase
formation, such as CaCO3 or La,Zr>O7, or large amounts or aluminum migration appears to reduce

OTotal IN the other samples.
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Figure 17. Measured total conductivity versus measured lithium content for Al>O3 and MgO
sintered samples.

Crucibles play a critical role in the product’s physical and electrochemical properties. An

example not researched in this effort is platinum crucibles which have been shown to limit lithium

166

loss when compared to alumina crucibles'®. While without mother powder, MgO and platinum

crucibles achieve high relative density (>90%) and orotl over 6.23x10* S cm™ when sufficient
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excess lithium is added'®. Excess lithium can account for lithium losses at sintering temperatures
even without a powder bed but all the sintering conditions (size and type of crucible, temperature,
time, rate, size of sample, etc.) will need to be optimized. The results of this study, combined with
previous reported results, show lithium loss can be reduced during sintering and high bulk
conductivity and grain boundary conductance can be achieved in a single sample when sufficient

lithium is designed into the sintered electrolyte.

4. Conclusions

Lithium content is crucial for phase composition, microstructure formation, and ionic
conductivity of LLCZN. In our work, excess lithium (X in LLCZNX) proved beneficial with a
minimum of X=15% and sintered for at least 12 hours at 1100°C. Five samples sintered in Al,O3
crucibles had limited secondary phases and were at least 97% cubic LLCZN. While, sintering in
MgO crucibles produced higher amounts of secondary phases, regardless of lithium content.
Electrochemical results showed grain boundary conductance was correlated with lithium and
aluminum from denser developed microstructures. This is exemplified in low lithium and low
aluminum content samples that displayed porous structures and resulted in lower grain boundary
conductance partially due to secondary phases blocking Li" conduction. Lithium rich samples
sintered in Al>Oj3 crucibles, however, obtained denser microstructures and higher grain boundary
conductance enabled by the Li2O-Al>O3 eutectic liquid formed during sintering. Secondary phases
or large amounts of aluminum appeared to reduce grain boundary conductance. In both sets of
samples when measured lithium amounts were greater than Li=6.75, bulk conductivity achieved
its maximum consistently at 10*S cm™ as lithium measured in the correct stoichiometry. Future

work will require merging the high grain boundary conductance and high bulk conductivity by
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maintaining sufficient lithium content and high density without excess aluminum or secondary

phase formation.
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Chapter 3: Improving Phase Stability during Co-sintering of LCO and
LLZO for Reduced Interfacial Impedance

Abstract

Sintering improves particle-to-particle bonding thus reducing interfacial impedance, but co-
sintering dissimilar materials leads to undesirable side reactions and inter-diffusion that increases
interfacial impedance far more than the improved particle-to-particle bonding reduces it. This has
been a major issue for co-sintering lithium ion conducting garnet and high voltage cathodes at the
temperatures necessary to sinter both materials. Herein we successfully co-sintered
Lis7sLaz.75Cao25Zr1.5NbosO12 (LLCZN) solid electrolyte and high voltage LiCoO> (LCO) cathode
at 1050°C without detectable secondary phase formation by incorporating excess lithium into the
LLCZN garnet prior to sintering. Thermal analysis indicates a reduction of the reaction between
LLCZN and LCO when excess lithium was incorporated into LLCZN. The interfacial resistance
between the composite cathode and LLCZN also decreased from 7000 to 2040 Q cm? when excess
lithium was introduced into the composite cathode. A solid-state cell was constructed by drop
casting a composite cathode of LLCZN incorporated with excess lithium, and LCO, which was
then co-sintered with an LLCZN solid electrolyte layer. The cell showed reduced interfacial
resistance and achieved 84 mAhr g'! while operating at 45°C.

Keywords

Solid State, LLZO garnet, Co-Sintering, Lithium Cobalt Oxide

1. Introduction
Lithium ion-conducting solid-state electrolytes (SSE), such as lithium garnet Li7LasZr,O12

(LLZO), have achieved ionic conductivities comparable to liquid electrolytes'®®. SSEs may also
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operate with high voltage cathodes (>4 V) to obtain practical gains in energy density over state-of-
the-art rechargeable lithium based batteries. Transition metal oxide cathode materials, such as
LiCoO: (LCO), offer an opportunity to achieve high voltage operation with LLZO SSEs'®’. In
commercial lithium ion batteries, LCO is combined with a binder and electronically conducting
material, such as carbon black, to form composite cathodes where the liquid electrolyte is
infiltrated between cathode particles to provide pathways for ionic conduction'®®. Without a liquid
electrolyte, ionic transport between active cathode particles would be insufficient for practical
operation'’. Therefore, solid state batteries similarly require a continuous SSE network through
the cathode for ionic conductivity, as has been demonstrated for solid-state lithium-sulfur cells
with lower operating voltages'*’.

SSEs have additional interfacial resistances between the solid electrolytes and the
electrodes. High interfacial resistance (10?-10° Q cm?) between LLZO electrolytes and lithium
metal anodes can be caused by the rigid solid contact on the anode/electrolyte surface'®!. This is
further complicated through the reaction of LLZO with air where non-conductive species are
formed on the surface of LLZO, increasing interfacial resistance!'®?. Likewise, the interfacial
impedance of the cathode introduces similar issues where cathode and solid electrolyte preparation
play a role in the uniformity of the cathode-solid interface. The interfacial impedance will be
reduced if the cathode uniformly coats the solid electrolyte and minimizes voids between itself
and the SSE!93-1%4,

Additionally, volume changes in the cathode during cycling can cause delamination at the
cathode-electrolyte interface, reducing the interfacial contact area and increasing interfacial
resistance in the composite cathode!®>. This volume expansion and contraction can be alleviated

by using a lithium ion conducting polymer as a soft ion conducting interface in composite
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cathodes'®®. However, the additional layer can contribute to increased impedances due to
impedances inherent to the polymer itself as well as at the SSE-polymer-cathode interfaces.

Solid oxide fuel cells encounter similar conduction and interfacial issues. One mitigation
strategy is to co-sinter an electron-conducting electrode and an ion-conducting electrolyte material
to create two different solid conduction networks through a composite electrode. This is
complicated by the movement of the transition metals from one species to the other during
sintering, reducing oxygen conductivity and leading to cell failure'®’-!°. However, matching the
sintering temperatures of the two materials can improve transport properties by creating a denser
network?®. The ionic and electronic conductivities of the co-sintered electrodes require phase
stability and minimized inter-diffusion to operate efficiently.

In co-sintered composite cathodes for LLZO electrolytes, LCO acts as both the active
cathode material and the electronic conductor where LLZO garnet provides ionic conductivity.
However, co-sintering temperatures cause lithium and oxygen losses in both phases, where the
lithium-deficient cobalt oxide and the lithium-deficient garnet react and form non-conductive
species such as LaCoO3, hindering both ionic and electronic transport?®!. Studies show LaCoOs
formation occurs rapidly at 1085°C but can be potentially controlled below that temperature?°?-2%3,
Previous computational results suggest that lithium coatings may protect both species’® by
forming a reservoir of lithium for LLZO and LCO to consume during co-sintering without forming
LaCoOs. This is further strengthened by recent computational results indicating additional lithium
in the garnet phase can improve thermodynamic stability for co-sintering?®®. In that paper a
potential reaction pathway is discussed where lithium content was found to play a role in the
stability of both species. The decomposition products of a delithiated Lio.sCoO> with LLZO was

computed to find decomposition of the LLZO into nonconductive La;Zr,O7 and La>Os. This is in
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addition to previous reported experimental results (Table 6) that vary in stability between LLZO

and LCO at different temperatures and times, sintering aids, and composition 201-206-214,

XRD
. Temperature LLZO . . . Detected
Col:;‘esgil;:tlc');ﬁg de (°C), Time Cathode (Wt%) Garnet Smt(ev:]‘;g/g)Ald Secondary Citation
P (hr.) (Wt%) ° Phase
Formation?
LCO Deposited on
Sintered Garmet 500 N/A (LCO) N/A N/A No 206
Mixed Powders 790, 48 42% (LCO) 23% 35% (LsBO3) Yes 207
Powders Mixed in 12%
Solvent and Caste on 700, 1 58% (LCO) 30% (LinsC B 0 Yes 208
Lithium Garnet Pellet 2307203
Mixed Powders 700, 10 50% (LCO) 50% None No 209
LCO Pulse Deposited o o 210
onto Sintered Garnet 700, 2 50% (LCO) 50% None No
Mixed Powders in Inter-
Slé‘g:{e?:g fﬁi‘ﬁﬂ;’“ 700, 1 75% (LCO) 25% None diffusion 211
Garnet Detected
Mixed Powders in
Slurry and Pasted on N o o/ (1 :
Sintered Lithium 700, 1 58% (NMC) 30% 12% (Li;BOs) Yes 212
Garnet
Mixed Powders in
Slurry and Pasted on N o o/ (1
Sintered Lithium 700, 1 43% (NMC) 30% 27% (Li3BOs) Yes 213
Garnet
P OWd;;Z %arlitg/h“"d 900, 24 50% (LCO) 50% None Yes 214
Mixed Powders
Including 20% Excess o o
Lithium in Lithium 1050, 2 50% (LCO) 50% None No 201
Garnet Powder
Mixed Powders with This
40% Excess Lithium in 1050, 4 50% (LCO) 50% None No Work
LLZ Powder

Table 6. Reported examples of co-sintering cathode materials with lithium garnet at various
temperatures and times vs. the degree of phase stabilization.

Table 6 displays mixed stabilization results during co-sintering with differing amounts of
lithium, various sintering conditions, and different cathode materials. At the high temperatures
typically employed for sintering, above 1000°C, lithium volatizes out of the LLZO and begins to
form secondary phases, but this can be stopped with additional lithium?!>. LCO also undergoes a
loss of oxygen above 250°C and forms LixCoO; (layered), LixCo3xOs (spinel), and LixCo1-xO
(rock-salt)?!®, which all may react with LLZO and LaxZr,O7. Excess lithium during annealing of

LCO has been shown to stabalize LiCoO; under atmospheric conditions, stopping the
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decomposition of the structure?!”. Without additional lithium when co-sintering LCO and LLZO,
La»ZrO7 begins to form starting at 600°C before reacting with the LCO and forming LaCoOs3 at
700°C, well below the required sintering temperature of LLZO?!8 (eq 12). Excess lithium has been
shown to stop the decomposition of both LLZO and LCO during annealing, which may prove

beneficial during co-sintering (eq. 13).

(12) LLCZN + LiC00, = Lig 75_xLaz 75_,CZN + (1 — y)LiCo0, + yLaCoOs + xLi, 0

(13) Lig 754xLCZN + LiC00, - Lig 75sLCZN + LiCo0O, + xLi,0

The relationship between high temperature co-sintering and lithium content should be
explored for co-sintered LLZO and LCO to optimize the necessary transport pathways and
decrease interfacial resistances. In this study, various amounts of excess lithium were added to
LLZO and co-sintered with LCO. The structural stability of the resulting co-sintered LLZO/LCO
phases was determined and microstructural differences were analyzed to examine the structure of
the conductive pathways formed. Half-cell cycling explored co-sintering effects on the
electrochemical performance of the LCO to further evaluate the conductive pathways formed

during co-sintering.

2. Experimental

In this work, Lie.75La275Ca0.25Zr1.5NbosO12 (LLCZN) was prepared via previously reported
LLZO garnet processing methods*!? with compositions of -10, 10, 30, or 40% deficient or excess
weight percent of lithium. The prepared LLCZN is denoted by LLCZNX, where X indicates the
weight percent of lithium, e.g. LLCZN10 corresponds to LLZCN with 10 wt% excess lithium. The

calcined LLCZNX was ball-milled in IPA (isopropanol, Alfa Aesar >99.7%) for 24 hours to ensure
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the breakup of larger conglomerates. Raman spectroscopy was performed on these ball milled
powders (Horiba LabRam HR with a 532 nm Ar" laser as the excitation source)

Mixtures of LLCZNX and LCO (Sigma Aldrich, 99.8%) in ratios of 50/50 wt% were
ground and mixed in a mortar and pestle, designated as LLCZNX/LCO. Dynamic scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA) were performed on the mixtures in an
argon environment between 200°C and 1100°C at 10°C minute™ (Perkin Elmer STA 8000).
LLCZNX/LCO powder samples were co-sintered in an Al,Os crucible under atmospheric
conditions at 3°C minute™ to 1050°C and held for 4 hours before cooling to room temperature. X-
ray diffraction (XRD) was performed on the co-sintered powders to characterize phase purity
(Bruker D8 Advance, Cu-ka), with lattice parameters and phase percentages calculated using
Rietveld refinement. The fitting parameters used for LLCZN, LCO, and LaCoOs3 are included in
Table S13-15.

Composite cathodes were constructed using co-sintered LLCZNX/LCO powders,
electronically conducting carbon black, and polytetrafluoroethylene (PTFE) in 80/15/5 weight
ratios. The composite cathodes were formed by mixing the three species in a mortar and pestle,
calendaring, and then cutting into 16 mm discs. The discs were placed into CR 2025 cells topped
with three glass separators that were flooded with 1 M LiPFs in 50:50 v/v% ethylene carbonate
and dimethyl carbonate mixture (Sigma Aldrich) as the organic liquid electrolyte (OLE), and
lithium metal (MTI 99.9%) as the anode. These half cells were cycled at 1 mA (0.5 mA cm™)
between 4.2 V and 3.0 V for 50 cycles to determine the electrochemical performance of co-sintered
LLCZNX/LCO. All cycling was performed on an ARBIN MSTAT4 battery cycler.

LLCZN with 5% excess lithium (LLCZNS) was prepared and calcined as previously

performed for LLCZNX. LLCZNS was used as the solid electrolyte (SE) for partially solid-state
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cell testing with the co-sintered cathode. To prepare the SE pellet, 0.3 grams of LLCZNS was
pressed into a 12 mm pellet, placed in an Al,Os crucible, and covered in a bed of mother powder
to reduce lithium loss. The pellet was sintered in air at 1100°C for 12 hours, with temperature ramp
of 3°C per minute, and allowed to cool to room temperature. Meanwhile, mixtures of LLCZNX
and LCO were prepared with the weight percent listed in Table S16 and ball milled using 5 mm
yttrium stabilized ZrO; milling media (Advanced Material) for 1 hour. The mixtures were drop
cast onto the sintered LLCZNS and dried for an hour at 80°C. Bilayer cells and symmetric cells
were constructed with cathode on one side (bilayer) or on both sides (symmetric), respectively.
The pellets with cathodes were placed in Al>O3 crucibles and heated in air to 700°C at 3°C per
minute, held for 30 minutes to remove organics, then heated to 1050°C at 3°C per minute and held
for 12 minutes to sinter before cooling to room temperature.

Raman spectroscopy was performed on the co-sintered cathode for phase analysis and scanning
electron microscope (SEM) images were taken on the fractured edges for microstructure analysis.
A carbon-PTFE mixture (85-15 wt%) was prepared using the same procedure as for the composite
cathodes and placed on top of the electrodes of the symmetric cell as an ion blocking layer. The
symmetric cells were placed between two stainless steel plates for EIS measurements with 10 mV
magnitude and 1 MHz to 0.1 Hz frequency range (Solartron SI 1260). Partially solid state half-
cells were also constructed with lithium metal, a single glass separator soaked in an OLE of 1M
LiPFs45:45:10 v% of diethyl carbonate (DEC):ethylene carbonate (EC): fluoroethylene carbonate
(FEC) for LLCZN stability??°, a LLCZN pellet with one co-sintered composite cathode (bilayer),
and the carbon-PTFE mixture on top of the co-sintered cathode as a current collector. The partially

solid-state half-cell was placed between two stainless steel plates. EIS measurements were taken
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of each solid-state cell using the same parameters as previously mentioned. The LLCZN40/LCO

bilayer partially solid-state cell was cycled between 4.2 and 2.7 volts at 45°C.

3. Results and Discussion

3.1 Powdered Composite Samples

Co-sintering LLCZNX/LCO powder at 1050 °C for four hours elucidates the effects of
supplemental lithtum with LLCZN on the LLCZNX/LCO co-sintering process. The XRD patterns
of the co-sintered powders (Figure 18) show that 40% excess lithium minimizes detection of the
non-conductive, secondary phase LaCoO3. Likewise, as the ratio of lithium to LLCZN decreases,
the magnitude of the LaCoOs peaks increases, demonstrating the impact of lithium deficiency on
LaCoOs3 formation. This trend also occurs with the lattice parameters where larger lattice
parameters are seen in samples with more lithium (Table S17). This method of dispersing lithium
species throughout the powder is like previous reports in which Li>CO3 and LizBO;3 are used as
sintering aids during co-sintering at 700 °C2%- However, our results demonstrate structural stability

closer to typical sintering temperatures of LLCZN.
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Figure 18. X-Ray diffraction pattern of LLCZNX/LCO powder mixtures calcined at 1050°C for
four hours. Bottom patterns are LLZO ICDD-PDF 00-019-8837, LCOICDD-PDF No. 01-070-
2685, and LaCoO3; ICDD-PDF 00-048-0123%21,

The calculated phase percent of LLCZN, LCO, and LaCoOs3 phases is plotted against X in
LLCZNX (Figure 19). The Rietveld refinement fitting results are included in Table S17 and an
example of the fit in Figure S43. A mass balance of the results and comparing them to the original
weights of LLCZNX and LCO shows the mass of the original reactants are below 50% of the
original mixture (Table S19). The 50/50 weight ratio of the samples prior to co-sintering included
LLCZNX powders that had undergone a reaction during ball milling in IPA, resulting in weight
gain as indicated by peak in the Raman spectroscopy results at 1100 cm™ (Figure S44) ?*2. This
weight gain during the secondary ball milling step in IPA has been shown to be over 15% of the

215

sample, with more reactions potentially occurring from the water in the air~">. Thus, the co-sintered
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mixtures could not maintain the 50/50 wt. % ratio after these reaction products decomposed during
co-sintering. Nonetheless, the phase percent trend does match LaCoOs peak intensities in the XRD
patterns. There is an increase in phase retention in LLCZN10/LCO and LLCZN30/LCO compared
to LLCZN-10/LCO. In LLCZN40/LCO, the two conductive phases, LCO and LLCZN, increase
by 9% as LaCoOs3 is minimized. The extra supply of lithium in the mixture indicates a reduction
in the reaction between LLCZN and LCO, enabling an increase in phase percentage of both desired

phases.
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Figure 19. Weight percent of phases found in XRD patterns. Squares are LCO, diamonds are
LLCZN, and triangles are LaCoO:s.

The TGA thermograms (Figure 20) of the LLCZNX/LCO powder mixtures demonstrate

weight loss over several temperature ranges. The weight decrease at 400°C is the breakdown of
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the secondary species on the surface of LLCZNX, further indicated by the TGA results of the
individual powders (Figure S45a). Between 400 and 600°C, the weight loss in the mixtures can be
attributed to the breakdown of the hydroxides on the LLCZNX to oxides??* while the final products
of the reaction formed during ball milling begin decomposition at 700°C and are very similar
magnitudes. However, there is an increase in peak height as X in LLCZNX increases between 800
and 900°C (Figure 20b). Based on previously reported results, it appears this is caused by a
reaction between LLCZNX and the IPA ball milling step and is observed in the neat LLCZNX

powders as well*!>

. After this weight loss, all mixtures experience significant weight reductions
starting at the co-sintering temperature used in this work, 1050°C. This weight loss is not detected
at the same magnitude in the neat LLCZNX samples but is detected in the neat LCO samples
(Figure S45a), meaning a higher percentage of weight loss can be contributed to the reaction with
LCO.

Thermal analysis via DSC (Figure 21) of the LLCZNX/LCO powder mixtures reveals
endothermic reactions between 300°C and 400°C in the same temperature range where TGA
analysis conveys weight loss due to breakdown of secondary species Li>CO3; melting is also
indicated by the peak at 723°C, which grows in peak height as lithium content increases in
LLCZNX as seen in DSC data of the individual powders (Figure S45b) and in the DSC data of
LLCZNX/LCO mixtures (Figure 21). The differences between LLCZNX/LCO samples with
varied lithium contents are explicit after 1050°C where plots of LLCZN-10/LCO, LLCZN10/LCO,
and LLCZN30/LCO show two visible peaks at 1055°C and 1085°C. LLCZN40/LCO data has only

one visible peak indicating limited reaction between the LLCZN and LCO phases before 1085°C

caused by excess lithium content.
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Figure 20. TGA thermograms of the LLCZNX/LCO samples. Figure 20a. Weight percent of the
LLCZNX/LCO samples. Figure 20b. Change in weight percent by change in temperature of the

samples in Figure 3a. Larger peaks in Figure 3b indicate steeper slopes of weight loss in Figure
3a.
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Excess lithium in LLCZN40 limits the detectable reaction that can form either

nonconductive species LaxZr072%

or LaCoOs (eq. 12), during co-sintering between LLCZN and
LCO. These nonconductive phases can reduce the impedance in a dense co-sintered cathode and
hinder performance. This can be mitigated with the excess lithium to reduce the decomposition of
the LLCZN and LCO, which decreases LaCoO3 formation (eq. 13). The XRD in Figure 18
showcases this benefit but there does appear to be peak broadening in several samples. This may
indicate some interdiffusion between species, which will need to be studied further. Nevertheless,
the two phases can be co-sintered to reduce nonconductive phase formation and can create separate
ionic and electronic dense conduction networks which will eliminate carbon and binders from the
composite cathode, potentially increasing volumetric and gravimetric energy densities. Likewise,
co-sintering limits resistance by forming two solid conducting networks without forming the
secondary phases that can increase grain-grain resistance. Lastly, this method has the potential to
create a solid electrolyte and composite cathode in a single sintering step thereby eliminating
Li,COs formation on the SSE-cathode interface that would increase interfacial impedance on the
cathode-SSE interface. However, the time and temperature of the sintering step require

optimization to ensure secondary phases are not formed and pathways for conduction are

sufficient.
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Figure 21. DSC traces for the LLCZNX/LCO mixtures. Endothermic is up and exothermic is
down.

3.2 Co-sintered Cathode with a Solid State Electrolyte

Raman spectra (Figure 22) of the co-sintered LLCZNX/LCO composite cathode on
LLCZNS conveys comparable information as the XRD patterns of the corresponding co-sintered
powder. The bands below 150 cm™! are credited to the lanthanum cations in LLCZNX??*. While
the low frequency range for Raman (<300 cm™) corresponds to the LiOs octahedral (96hri
position), the middle frequency (300-550 cm™) to the LiOs tetrahedral (24dvi1 position), the band
at 690 cm™! is to the ZrOg octahedral??’, and the band at 717 cm™! is assumed to be Nb signal, all
in LLCZN. The two large peaks at 478 and 590 cm! are attributed to vibrational modes of LCO??°.
There does not appear to be secondary phase detection in any sample. However, there exists
difficulty in detecting small amounts at the interfaces between the species. Overall, as lithium
content increases, the LLCZN bands become more prominent, which may be a result of LLCZN
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phase remaining more intact with increasing lithium. Furthermore, the niobium peak is only
detected in LLCZN40/LCO showing that LLCZN structure maintains niobium detection while the
other samples do not. The elimination of the La peak at 125 cm™ in LLCZN-10/LCO is similar to
the powdered sample XRD analysis that concluded LLCZN is a minor phase with limited excess
lithium in LLCZNX. In contrast, the garnet peaks in LLCZN40/LCO become less distorted,
indicating excess lithium decreases the reaction between LLCZN and LCO even when drop casted

onto an SE. This is beneficial for the electrochemical properties of the composite cathode.
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Figure 22. Raman spectra of co-sintered composite LLCZNX/LCO pellets.

SEM and back scatter electron (BSE) images (Figure S46a-d) of the co-sintered
LLCZNX/LCO composite co-sintered cathode display similar microstructures independent of

lithium content. Additionally, two separate phases are observed in the BSE images, showing the
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LCO and LLCZN are separate phases. This is important for creating two separate conduction
networks. The images also show a uniform coating on the LLCZNS5 dense layer, minimizing the
effects of physical differences between cathode and electrolyte on the interfacial resistances. The
reported onset densification temperature of LCO is 800°C?%7 and appears to sinter into a dense
network in most of the samples. LCO densification activation and sintering may occur independent
of the lithium content in LLCZNX, meaning the electronic transport attributed to LCO should
remain high in these samples.

Conversely, LLCZNX, independent of X, appears to have grain boundaries which will
increase Li" resistance and limit ionic transport during cell operation. This may be due to a
combination of factors, not limited to the decreased sintering temperature, sintering dissimilar
materials, and reduced time at the sintering temperature. Lower sintering temperatures are reported
in literature but most utilize sintering aids such as A1??®, CeO0?%’, and glass additives**° or dopants
like Mg?*!. The use of sintering aids would beneficially reduce the amount of lithium required and
allow for longer sintering times. Future work should focus on reducing the sintering temperature

of LLZO garnet to increase the density of the composite co-sintered cathode.

3.3 Electrochemical Performance

Ionic and electronic conduction has been shown to occur through LLZO when doped with
cobalt, but the reported electronic conductivity of2.75 x 10 S cm™ was orders of magnitude lower
than the reported ionic conductivity of 10% S cm™ 232, Charge transport of Li* and e also occurs
over the interfaces of both phases, making the mixture behave differently than the sum of the
individual components. Thus, co-sintering will require electrochemical cycling to determine

operational feasibility. In examination of the effect of co-sintering on capacity, co-sintered
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powders in liquid cells show increases in both capacity and capacity retention with increasing
lithium content in LLCZNX (Figure 23a and b, and Figure S46). The first cycle shows a standard
discharge curve for most but LLCZN-10/LCO and LLCZN10/LCO do show a second discharge
plateau, potentially from interdiffusion between the LLCZN and LCO. With further cycling, the
increase in capacity occurs from 50 mAhr g! in LLCZN-10/LCO to 120 mAhr g! in
LLCZN40/LCO at cycle 50. LLCZN-10/LCO is mainly LaCoOs that blocks Li" and e resulting in
60% capacity loss to 50 mAhr g'!. With increasing lithium, LLCZN10/LCO and LLCZN30/LCO
had ~20 wt% of LaCoOj3 and reduces their performance to 101 and 106 mAhr g, respectively.
This may be the result of LaCoOj3 formation slowing Li" and e conduction into the LCO grains.
LLCZN40/LCO measures 113 mAhr g! after several cycles where the lower capacity may be from
cell construction and the small amount of LaCoOs3. The capacity results indicate co-sintering does
not severely damage achievable capacity in LLCZN40/LCO but will need to be designed into a

solid-state cell to determine its full effect.
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Using the pellets with one (bilayer) or both electrodes (symmetric) attached to the SSE
requires pure LLCZN as the solid SSE layer. The phase purity and dense microstructure of the
SSE layer in both configurations are confirmed through Raman and SEM (Figure S48 and S49)
analysis. Interfacial resistance (Rint) of the co-sintered cathodes in the symmetric cells with two
electrodes shows a reduction of resistance with increasing lithium content (Figure 24a and b). The
type of resistance is confirmed through capacitance values?** and an appropriate fitting (example
and model in Figure S50). There are two visible semicircles with a Warburg tail in each sample
where the second semi-circle reduces in magnitude in samples with larger quantities of lithium.
The samples, based on the sample set up, have four resistances that were also identified using the
capacitance values. The capacitance values show four areas: the first 10!! t0107° F is bulk
resistance, 10 to 10 F is grain boundary resistance, 10° F is the interface®**, and 10* F is the
electrode/current collector. These contributions can also be further analyzed by transforming the
EIS data using distribution of relaxation frequency (DRT) (Table S20).

DRT when combined with EIS data is used to identify the characteristic distribution of EIS
timescales and help inform parts of the EIS model. The MATLAB GUI DRT tools, provided by
Wan et al.?*°, shows the EIS data has four distinct sections for relaxation times (Figure S51). The
first section around 107 s can be attributed to the bulk resistance. The next section between 107
and 10 s includes a major peak and several minor peaks. These peaks, along with the capacitance
values, indicate grain boundary resistance of the LLCZNS layer?®. The peaks do not occur at
consistent time constants, which may indicate different compositions of the grain boundaries based
on the lithium content. The next section around 10! s is presumed to be the interface between
LLCZX and LCO. The capacitance values range between 10”7 and 10 F, which is within other

interfacial impedance ranges for LLZO type electrolytes and the electrodes. Much like the grain
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boundary section, the time constants shift of LLCZN-10/LCO indicates a slower time constant.
The last impedance section in DRT is between the cell and the current collector as evidenced by
the slow conduction time and the capacitance values below 107 F. Using these frequencies, the
model can be compared to the physical system under test. Using the model results, the relaxation
frequencies can be calculated and then compared to the capacitance and DRT results.

Relaxation frequencies can be calculated with the EIS fitting results to determine if there
is overlap between the fitting results. The results show four distinct areas going from bulk (fast) to
electrode (slow) (Table S21). These calculations can also assist in determining electrochemical
processes in the modeled EIS and confirm the DRT peaks. The DRT peaks, the capacitance values,
and the relaxation frequencies each indicate there are four distinct sections for each resistance:
bulk, grain boundary, interface, and electrode. The results allow for the interfacial impedance to
be determined in our samples.

Increasing lithium content in the LLCZNX appears to maintain the LLCZN and LCO
structures indicated by the Raman results. Non-detected secondary phases on the surface of
LLCZNX/LCO would increase Rint and negatively impact cell operation. These secondary phases
may be present in LLCZN-10/LCO and LLCZN10/LCO as both have larger interfacial resistances
and reduced signals of both the added elements in Raman results. Meanwhile, LLCZN30/LCO and
LLCZN40/LCO have strong LLCZN and LCO signals in the Raman spectra while also having
lower interfacial resistance. This does not preclude formation of other phases, such as LaCoOs3,
but even with limited formation, there is a detected electrochemical benefit of adding lithium.
However, there is an increase in Rint from LLCZN30/LCO to LLCZN40/LCO that could result

from a combination of Li1,CO3 formation on the surface that has not been consumed or the benefit
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of added lithium on Rint reaches a long plateau with increasing lithium. Either way, the benefit of

adding extra lithium to the LLCZNX is seen in the EIS and fitting results as shown in Figure 24.
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Figure 24a. EIS data of the symmetric pellet with co-sintered cathodes as electrodes and
LLCZNS as the SSE layer. Figure 24b. RinT vs. excess lithium from the fitting of the EIS
results.

Percolation theory considers the surface area of species, radii, and uniformity of the
particles to determine a 30% volumetric threshold is required to enable complete pathways for
conduction in two phase systems?*’. LLZO type SSEs have a theoretical density of ~5.1 g cm™ 2%
and LCO has a density of 5.05 g cm™ ?*8. Incorporating Rietveld refinement results of the powder
reveals the volume percentage of LLCZN40, the Li" conductor, is ~30 v% of the composite
cathode, barely clearing the 30 v% threshold but within the error of falling below it. The volume
percentage analysis indicates the ionic conductivity of the LLCZNX species may have a limited

contribution to the ionic conductivity of the composite cathode. Higher amounts of LLCZNX can

be used to increase the ionic conductivity and rate potential of full cells but would potentially
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reduce the energy density of the composite cathode by reducing the amount active material present.
However, depending on the thickness of the composite cathode, more LLCZNX would be
beneficial to allow full cathode utilization. Future work should focus on the optimal amount of
LLCZNX to optimize cell operation and energy density. The operational implications for this
work, such as cathode utilization, can be determined using a partially solid cell with a single fully
solid cathode.

The cycling of the partially solid-state cell with the co-sintered LLCZN40/LCO that
operates at 45°C shows stable performance for 50 cycles when cycling at 6.75 pA cm™ (Figure
25a and b). The initial rate of 12.5 pA cm™ was not stable and results in quickly decreasing
capacity, partially from high total cell resistance (Figure S52). LLCZN-10/LCO, LLCZN10/LCO,
and LLCZN30/LCO also measure high resistance, but none can charge, likely from the amount of
LLCZNX being below the 30% volumetric threshold and LaCoOs formation. However, the
LLCZN40/LCO cell is able to achieve 90 mAhr g™! after slowing the rate at cycle 7 and continuing
through cycle 50 while measuring 45 mAhr g at termination. The loss of capacity can be
explained by non-optimized sintering conditions that did not create a fully dense microstructure.
This is further confirmed by the differential capacity plot (Figure 25¢) which indicates a shrinking
peak during cycling, rather than a shift to the left or right, a typical indicator for increasing
resistance. The loss of capacity is most likely from disconnection of the LCO from the conduction
network in the all-solid-state cell. This will need to be overcome with optimized sintering
conditions that promote sintering the conduction networks or a softer conduction network that can
be used to expand and contract during cycling. Likewise, the results do not preclude electrolyte
leakage where the OLE from the anode leaks to the cathode, which would reduce resistance.

Nonetheless, the results indicate the potential for creating a cell with a co-sintered cathode and SE.
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Future work should focus on densifying the composite cathode and LLCZN layer in a single
sintering step that sinters both the cathode and electrolyte layer while utilizing a lithium metal

anode without an OLE sufficiently to reduce capacity loss during electrochemical cycling.
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Figure 25. Results from solid state cell cycling at 45°C. Figure 25a. Discharge capacity and
columbic efficiency vs. cycle life at 12.5 pA cm™ for 6 cycles and 6.25 pA cm™ until cycle
50. Squares are discharge capacity at triangles are columbic efficiency. Figure 25b. Voltage
vs. capacity for various cycles when discharging at 6.25 pA cm™. Figure 25¢. Differential
capacity at various cycles at 6.25 uA cm?.
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4. Conclusions
Lithium ion conducting garnet and LiCoO; composite cathodes were co-sintered without

forming detectable secondary phases. However, 40% excess lithium calcined with the lithium
garnet was required to achieve phase stabilization at 1050°C for four hours. Increasing lithium
content reduced the measured reactivity between LLCZNX and LCO below 1085°C, which
limited LaCoOj3 formation. Interfacial resistance was decreased from 7000 to 510 Q cm? with
increasing lithium content despite similar microstructures in all samples. LLCZN40/LCO
measured high capacity from the LCO and longer cycle life compared to samples with less
excess lithium in LLCZNX when cycled in liquid half-cells. Meanwhile in partially solid-state
samples with solid co-sintered cathodes, the resistance was reduced and 90 mAhr g! was
achieved during cycling. The cycle life was hindered by reduction of capacity and lack of
densification but confirmed the potential of co-sintering LLCZN and LCO. Future work should
focus on designing a co-sintered composite cathode with an electrolyte layer to create a fully

solid-state battery in a single sintered step.
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Chapter 4: Enhancing Capacity of Lithium Spinel via Chlorination and
Triple Doping with Transition Metals for Next Generation Lithium
Based Batteries

Reprinted with permission from Limpert, M.A.; Baroncini, E.B.; Gritton, E.J.; Atwater, T.B.;
Wachsman, E.D. Enhancing capacity of lithium spinel via chlorination and triple doping with
transition metals for next generation lithium based batteries. Journal of Power Sources. 2022, 528,
231225, DOI:10.1016/j.jpowsour.2022.231225. Copyright 2022 Elsevier.

Abstract

Lithium spinel (LiMn204) possesses a lower theoretical specific capacity compared to layered
oxide cathodes (LiCoO2, LiNio.33Mno33C003302, etc.) but offers an environmentally safe
alternative by eliminating the cobalt used in current cathodes. LiMn2O4 requires dopants to
increase the operating voltage, maximize energy density, and be competitive with current cathodes.
Through a modified Pechini method, this is demonstrated with multiple dopants. The process and
spinel structure enable multiple transition metal dopants (nickel, iron, and cobalt) to be added on
the Mn site, which increases the specific capacity up to 110 mAh g™ when charging up to 5.25 V.
Chlorine doping in LiMn>O4 expands the lattice from 8.189 to 8.215 A, allowing for the insertion
and removal of additional lithium when cycling down to 2 V. This results in a nearly two fold
increase in specific capacity to 200 mAh g! when discharging at 0.5 mA cm™. However, cycling
between 5.25 V and 2 V with standard liquid electrolytes increases cell resistance from 63 to 314
Q due to instability of the electrolyte at voltages greater than 4.5 V. The chlorinated spinel is then
paired with a >5 V stable Lis7sLa2 75Cao25Zr1.5Nbo.sO12 garnet to validate 5 V cycling, achieving

190 mAh g™! for 5 cycles with limited specific capacity decay.
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1. Introduction

Goodenough reported the initial lithium-ion cathode, LiCoO, (LCO),* in 1981, which
culminated in Panasonic’s introduction of lithium-ion technology using LCO in 1991. Since then,
the technology has proliferated widely, utilized in cell phones, laptops, electric vehicles, and
almost all portable electronic devices. Their production is predicted to reach 278 gigawatt-hours

22 and

per year in 2021 **°, which will put immense pressure on natural resources>*!, safety
recycling facilities?** to meet the demand to manufacture new batteries while safely disposing of
the discarded technologies. It is critical to increase batteries’ energy storage capabilities, power
capabilities, life cycle, and safety while using environmentally friendly materials to relieve
pressure on these issues.

Lithium spinel, Li,Mn2O4 (LMO), follows a LizA204 structure with 3-D lithium pathways
and is a low cost, environmentally friendly alternative to standard LCO cathodes due to manganese
abundance which relieves environmental concerns of using cobalt-based cathodes?**. The spinel
structure consists of lithium at the 8a tetrahedral sites and manganese at the 16d octahedral sites
with oxygen attached to three manganese and one lithium?*. The lithium sites completely fill
during discharge to 3.5 V while the manganese sites remain half-filled***. During discharge, a
fraction of lithium can occupy the octahedral site while manganese occupies the tetrahedral
sites?46,

Lattice distortions in LMO during charging and discharging, such as Jahn Teller (JT)
effects and manganese dissolution, reduce specific capacity and cycle life as Li-site occupancy (a)

approaches zero>’

. However, JT effects can be reduced or eliminated when the manganese sites
are disordered and LMO forms the Fd-3m phase rather than the ordered P4332 phase®*®. Anion

doping produces this disorder and increases structural stability at higher voltages?*, increasing
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both cycle life and the energy density of LMO spinel. However, LMO also requires transition
metal dopants to increase the operating voltage for higher energy. LMO has an energy density of
440 Wh kg! and without dopants to enhance either its working voltage or adding additional
capacity compares poorly to LCO (518 Wh kg™!), and Li,NiosMno1C00.102 (760 Wh kg1)*°. To
surpass the energy density of NMC-811, LMO can be engineered to optimize its power, energy,

251.252 oxygen vacancies®**, and surface

and capacity through doping and the ordering of cations
morphology?>*.

Recently, lithium has been reported to occupy the empty tetrahedral sites of LMO when
discharging below 3 V to double the specific capacity to 240 mAh g™ but with reduced cycle life
(2551 Through operando X-ray diffraction, filling these sites significantly increases the volume
change during cycling from 5.87% to 12.9% in LMO?*%. However, researchers were able to
introduce cationic disorder to suppress Jahn-Teller effects and achieve better cycle life?’.
Likewise, glass coating on the LizNipsMnis04 (LNMO) particles can suppress some of these
degradations, increasing lithium diffusivity and stopping cycle life degradation®>®. Enhancing the
life cycle with higher specific capacity lithium spinel offers a pathway to increase energy density
in next generation lithium-ion cathodes.

“A” site dopants can improve LMO’s electrochemical performance by reducing Mn®" in
the lattice, such as a combination of copper, aluminum, and titanium in a total dopant amount of
0.06 which has been shown to improve cycling stability and increase discharge rates to 12C >°.
Copper as the lone dopant up to 0.1 shows high specific capacity (108.5 mAh g™!) and retention
for over 1000 cycles at 1C rates through favorable diffusion kinetics from the unique octahedral

structure 2%-26!, While separately, aluminum in dopant amounts up to 0.16 distorted the lattice but

provided 89.5 mAh g! 22, Dopants can decrease the initial capacity achieved when Mn*" in the
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lattice is maximized. However, the combination of low dopant amounts can provide enhanced rate
capability while simultaneously distorting and minimizing capacity loss.

Nickel and cobalt are commonly doped on the Mn site to increase operational voltage
(from 4 to 4.75 V) and enhance rate capabilities?*>?%*. In low dopant quantities (0.1), nickel has
been shown to achieve specific capacities of 87.1 mAh g™! between 4.5 and 3.5 V and maintain the
lattice structure at 5C discharge rates>%. Likewise, the interaction between Ni and Fe with a dopant
total of 0.05 was investigated to show better capacity retention after 50 cycles when compared to
LMO?%, Separately, Ni and Co in small amounts (0.025 each), enhances lithium diffusion through
the spinel for faster rates with increased specific capacity of 113 mAh g™! 267, Separately, chlorine
doping has been previously investigated and demonstrates increased specific capacity and a
widened voltage range?®®. Chlorine can also create oxygen vacancies and increase the amount of
Mn*" in the lattice, limiting JT effects?>*®. Combining anion and cation dopants (F- and Mg>") on
the Mn and O sites help improve the cycle life properties of LMO 27°. This is further investigated
with La and S in LMNO with higher capacity retention at 10C rates and higher specific discharge
capacity than the non-doped LNMO?’!. While changing the anion dopant to Cl, allowed for rates
of 10C from the larger lattice caused by the substitution of C1"(0.181 nm) for O* (0.140 nm)>72.
In this work, sol-gel methods were investigated with iron, nickel, and cobalt as “A site” dopants
and chlorine as an oxygen dopant to vary their physical and electrochemical properties. The
maximum transition metal dopant amount for this work was 0.15 in contrast to the commonly used

273

0.18, as 0.15 was reported to yield the longest cycle life while minimizing potential costly

dopants?7*

, and mitigating initial capacity decay. Herein we report a sol-gel process and resulting
spinel material that can be doped with three transition metals and chlorine, which results in a more

than 50% increase in specific capacity to 200 mAh g™!.
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2. Experimental
2.1 Sol-Gel Method

Stoichiometric amounts of the following chemicals were used to calcine Li,CoxFeyNi,Mna.
x-y-z04Clp (Where a=1, x<0.05, y<0.05, z<0.05, b<0.15): LiNOs3 (Sigma Aldrich 99.99%<) plus
an extra 15 wt%, LiCl (Sigma Aldrich 99.99%<) that replaces the 15% extra LiNO3; when used,
manganese nitrate hydrate (Sigma Aldrich 98%<), cobalt nitrate hexahydrate (Sigma Aldrich
99.999%<), nickel nitrate hexahydrate (Sigma Aldrich 99.999%<), and iron (II) nitrate
nonahydrate (Alfa Aesar 98%<). The precursors were vigorously stirred in a beaker on a hot plate
in methanol (Fischer Scientific 99.9%) before citric acid (Alfa Aesar 99.5%) was added in a 1.6:1
citric acid to metal ions molar ratio and then continued to mix. Finally, ethylene glycol (Sigma
Aldrich 99.8%) was added in a 0.53:1 molar ratio of ethylene glycol to metal ions before being
mixed and heated to 100°C to complete evaporation of the methanol and water. The stir bar was
removed and the mixture was then heated to the pyrolysis temperature of 300°C on the hot plate
for at least 2 hours to breakdown the precursor before allowing to cool to room temperature. The
remaining powder was ground and calcined in a ceramic crucible at 650°C for 10 hours in air with

a heating/cooling rate of 10°C/min starting and ending at room temperature.

2.2 Characterization

Dynamic scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) was
performed on the precursor material between 200°C and 650°C in an argon environment with
temperature increasing by 10°C minute™! (Perkin Elmer STA 8000). X-ray diffraction (XRD) was
conducted on the calcined samples to identify secondary phases and confirm the spinel structure
(Bruker D8 Advance, Cu-Ka monochromatic radiation source operated between 40 kV and 40
mA) with Rietveld refinement completed to determine the lattice parameters. X-ray florescence
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(XRF) measured chlorine content in select samples (Bruker S2 Ranger). Raman spectroscopy was
performed to differentiate between the disordered Fd-3m phase and the ordered P4332 phase
(Horiba Jobin Yvon Labram). The CDD detector operated with a 532 nm Ar" laser as the excitation
source. Scanning electron microscope (SEM) images were taken to characterize the microstructure
of the material along with electron dispersive X-ray spectroscopy (EDS) to determine the

elemental distribution in the powder (JEOL JSM-IT100).

2.3 Electrochemical Characterization

The resultant spinel powder was mixed in a mortar and pestle with conductive carbon black
and polytetrafluoroethylene (PTFE) in a weight ratio of 80:15:5 (~25 mg cm™) and constructed
into a CR2025 half-cell with a lithium metal anode (MTI). The cathode was pressed into an
aluminum screen and anode into a nickel screen. The half cells included glass fiber separators
soaked in an electrolyte solution of 1 M LiPFs in dimethyl carbonate (DMC): ethylene carbonate
(EC) 50:50 v% (Sigma Aldrich). Select constructed half-cells were cycled between 0.5 mA cm™
and 20 mA cm™ with a voltage range of 3.5 to 4.5 V to determine rate capability. Other constructed
half-cells were cycled at 0.5 mA cm™ from 2.5 to 4.5 V, 2 to 4.5 V, and 3.5 to 5.25 V to explore
the specific capacity gained from 2 V and 5.25 mV cycling. Life cycle testing at 0.5 mA cm™
between 3.5 and 4.5 V was performed on select samples. All electrochemical cycling was
performed on ARBIN MSTAT 4 battery cycler system controlled by MITS Pro software. During
select cycling, EIS was performed between 100 kHz and 1 Hz at an amplitude of 10 mV every
hour while performing a 0.2 mAh cm™ rate on an Arbin MSTAT4 outfitted with a Gamry Interface
1010E.

For 5 V cycling, calcined lithium ion conducting garnet was prepared as previously

reported?”> with the stoichiometry of Lig 75L.a275Cao.25Zr1 sNbg sO12 (LLCZN), 0.3 g of the calcined
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LLCZN was pressed, and sintered in mother powder in an Al,O3 crucible at 1100°C for 18 hours.
SEM, Raman, and EIS for structural and electrochemical characterization of LLCZN are included
(Figure S53 and S54). A glass separator soaked in 1M LiPFg 45:45:10 v% of diethyl carbonate
(DEC):EC: fluoroethylene carbonate (FEC) was used as an interlayer between LLCZN and the
1276

electrodes as FEC has been shown to provide stability both at 5 V and against lithium meta

The cell was cycled between 5 and 2.2 V at a rate of 17 pA cm™ at room temperature.

3. Results and Discussion

3.1 Structural Characterization

The spinel phase is the sole phase detected in four out of the five XRD patterns of the
calcined samples (Figure 26a) with the exception of Li.Mni.90Co0.05F€0.0504-Cly (LMFC). The
impurity in LMFC is nonconductive Mn»>Os3 that is not detected with the addition of nickel in
LisMn 85Nio.05C00.05F€0.0s045Cly, (LMNCF). Likewise, Li2MnOs is detected in LiMn2O4 (LMO)
which limits capacity in that sample. With the addition of chlorine in Li-Mn20O4Cly, (LM-CI), the
spinel structure stabilizes with an expanded lattice (Table 7) and does not measure secondary
phases. The ionic radii of oxygen is 1.38 while chlorine is 1.81 ?’7; resulting in increased lattice
parameter of the chlorinated spinel. A sample of the fit and fitting parameters are included in
Figure S55 and Table S22. The extra spacing in all chlorinated samples enlarges the 3-d channels

and increases the specific discharge capacity by at least 50% when discharging to 2 and 2.5 V.

93



Specific

Specific

Lattice Discharge | Discharge $pec|f|c Specific Discharge

. . Discharge .

Sample Parameter | Capacity Capacity Capacity (3.5-4.5 Capacity

(A) (2-4.5V) | (2.5-4.5V) \";) (th . 1) "~ 1(3.5-5.25 V) (mAh g
(mAh g) | (mAh g 9

LiMn,O, 8.189 N/A N/A 55.2 N/A
Li Mn,O, CI. 8.215 119.5 102.0 68.0 100.7
Li,Mn, ,.Co, O, . Cl, 8.203 138.4 127.8 53.0 114.7
Li Mn_ Fe, .Co, ..O,,Cl 8.206 148.2 119.3 52.5 97.5
LiMn, ..Fe, .Co, Ni, .0, CL| 8196 163.5 144.3 86.7 103.2

Table 7. Lattice parameters for all the samples, discharge capacities charged at various voltages
and discharged at 0.5 mA cm™? (~C/6 at 120 mAh g!) to various voltages.

Raman scattering data (Figure 26¢) of the calcined spinel powder shows pure spinel phase
in four of the five samples with a secondary phase in LMFC. The nonconductive secondary phase,

1278 and will reduce specific

Mn,0;3, is indicated in the Raman by the sharp band at 660 cm”
capacity. In the rest of the spectra, the peak at 630 cm! is assigned to the Mn-O stretching vibration
of MOg groups belonging to the Ag mode 27°. The peaks at 590 and 625 cm™ would be assigned
to the Ni*2-O stretching mode 2*°, 585 cm™ to the Co-O stretching mode ?*!, and Fe-O at 630 cm’!
282 However, these peaks are convoluted in one another due to the low dopant amounts. The

addition of chlorine, nonetheless, disorders the structure as evidenced by the sharp peaks in LMFC

and LMO but those peaks are excluded in the other samples (Figure S56).
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Figure 26a. XRD data for all samples. Li.Mn20O4 ICCD No. 00-035-0782 peaks are included in
the bottom of the figure. The samples are listed as LMO for LiMn20O4, LM-CI for LiMn2044Cly,
LMC for LizMnj95C0005046Cly, LMFC for LiMnjooFe0.05C00.05046Clp, and LMNFC for
Li,Mnj §5Nig.0sFe0.05C00.0504-5Clp. Mn203 is in two samples. Figure 26b. SEM. Back Scattered
Electron, and EDS Images of Li.Mnj.85Nio.05F€0.05C00.0504-Clp. Figure 26¢c. Raman spectroscopy
of all the samples. Figure 26d. DSC and TGA of Li,Mn 85Nio.05F€0.05C00.05045Cly precursor
powder. Endothermic is up and exothermic is down

The SEM and EDS images (Figure 26b) of the Li,Mnj g5sNio.0sFe0.05C00.0504-,Cly (LMNFC)

illustrate a submicron powder with manganese and cobalt dispersed throughout. The other
elements are not imaged in EDS because their low amount in the spinel. Nonetheless, the small
micron sized powder and dispersed elements is important for high rate cycling 2**. XRF data
(Figure S57) confirms chlorine (b=0.014 for LMNFC) and the other transition metals are included
in LMNFC in the appropriate quantities. The rest of the samples have porous microstructures, a
network of interconnected small grains, and do not have detectable microstructure differences

between them (Figure S58) showing that the sol-gel method produced consistent microstructures.
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Precursor material is thermally characterized through TGA/DSC (Figure 26d) and the data
shows a 65% weight loss when heated to 650°C. The weight loss is most likely carbon and nitrogen
species from the transesterification reaction as those are the main species from the precursors. The
peaks at 200°C are likely excess ethylene glycol and water being evaporated while the peaks at
400°C are the polymeric chains with transition metal nitrates decomposing, thereby releasing the
nitrogen, carbon, and oxygen species?®*. A small endothermic peak at ~610°C indicates LiCl
melting?®® while the endothermic peak after 640°C is in good agreement for our calcination
temperature of 650°C.

3.2 Electrochemical Measurements
Life cycle testing between 3.5 and 4.5 V in a half-cell with LMNFC did not induce a loss

of specific discharge capacity over 100 cycles or a loss of structural integrity (Figure 27a and 27b).
The specific discharge capacity does not experience a significant decline, measuring 95.9 mAh g’
! on the first cycle to 95.8 mAh g™! on the last. At cycle 35, there is a small increase in specific
capacity to 99 mAh g! but the specific discharge capacity retains 96% of that higher capacity at
100 cycles. The Coulombic efficiency begins to decrease at cycle 25 which is likely weaknesses
from the cell build, i.e. the lithium metal, electrolytes, seal, etc. Lithium metal can be unstable with
the liquid electrolyte and form a solid electrolyte interface that is consuming the electrolyte. This
is further evidenced by decreasing Coulombic efficiency but stable specific discharge capacity
which is indicative of increasing charging capacity. The transition metals dopants and chlorine,
though, did not adversely affect cycle life but the full capacity is seen above 5 V and below 3 V

(Table 7).
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Figure 27a. The specific discharge capacity and Coulombic efficiency vs. cycles for LMNCF

between 4.5 and 3.5 V at 0.5 mA cm™ (~C/6 at 120 mAh g!). Figure 27b. Differential capacity
of the 10th and 91st cycle. Charge is positive and discharge is negative.

The differential capacity plot in Figure 27b analyzes the 10th and 91st cycle in which an
overcharge is indicated by the rightward shift in cycle 91, demonstrating increasing resistance
within the cell. The lower peak at 4.05 V on charge is LiMnj gs85Ni0.05C00.05F€0.0s04 going to
Lio.sMni 85Nio.05C00.0sFe0.0s04, where the lithium remaining is in an ordered structure. While the
peak at 4.18 V is from Lio sMni .8585Ni0.05C00.05F€0.0504 to LiaMni 8585Ni0.05C00.05F€0.0s04 where “a”
is less than ~0.25. This difference between the upper and lower peaks is from the Mn*"/Mn** redox

couples, which is in good agreement with the voltage difference of ~0.15V in good agreement with
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other reports?®. There is no change in the shape of the curve aside from the shift to the right on
charge and to the left on discharge. The similar shapes indicate the increase in the overall cell
resistance is not attributed to rate changes and the lattice has not been damaged. The cathode
maintains its specific capacity and the lattice structure during the 100 cycles, but Coulombic
efficiency and charge retention begins to decrease, necessitating better cell construction.

Cycling between 3.5 and 5.25 V (Figure 28 and Table 7) demonstrates an increase in the
cathode’s measured specific capacity and energy when compared to cycling to 4.5 V. This excludes
LMO which could not operate at 5.25 V. LMC achieves the highest energy density (484 Wh kg
1,114.7 mAh g, followed by LMNFC (466 Wh kg!, 103.2 mAh g!), LM-CI (389 Wh kg™!,100.7
mAh g!), and finally LMFC (380 Wh kg!, 97.5 mAh g!), which has low specific capacity from
LixMnOs; formation. The higher voltage plateau in the samples occurs from the difference in
binding energy between the top valence band of Ni** and Mn 2*’. The lower specific capacity in
LMNFC when compared to LMC may be due to Mn,O3 formation but also the interaction between
Co and Fe has been shown to increase the working voltage above 5.25 to 5.40 V 228, Some capacity
in LMNCEF in our experiments may be not accessible with the voltage limits. Every dopant added
to LMO has an effect on the band structure increasing the reduction/oxidation reaction to different
operating voltages. However, there is a large overcharge in the differential capacity plot, which is
also seen in cyclic voltammetry (Figure S59). Likewise, there appears to be differences between
the charge and discharge curves specifically in LMFC, which may be due to Mn,Os formation as
evidenced by XRD results in Figure 1 and associated effects on cell cycling. Despite the instability
of the electrolyte above 5 V, the cells are able to achieve a specific discharge capacity of ~110

mAh g,
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As LMNFC approaches its lithium poor state during charge, there are a number of different
reactions that could occur above 5 V. If the material has insufficient lithium in this state, the care
capacity is expected to increase on the subsequent cycle. However, the succeeding charge-
discharge cycle (Figure S60) shows LMNFC reduced its specific capacity to 99.8 mAh g'!. The
charge capacity decreased with the reduction in discharge capacity in LMNFC showing the

material did not have insufficient lithium to maintain charge balance in LMNFCs charged state.
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Figure 28a. Specific capacity vs. voltage of samples cycling between 5.25 and 3.5 V at 0.5 cm™

(~C/5). Figure 28b. Differential capacity normalized to active material vs. voltage of samples
charging and discharging between 5.25 and 3.5 V. Charge is up and discharge is down

Iron dopants in lithium spinel have been reported to deliver rates of 10C with 100 mAh g
! when appropriately placed in the lattice 2%, making it an attractive dopant. Fe below 0.1 doping
levels also shows considerably longer cycle life at 120 mAh g and occupies the 16d site while
reducing Mn occupation of the 8a sites?>’. LMNFC in half cells with an active loading of 23.7 mg
cm and operating between 3.5 and 4.5 V obtains 50 mAh g! at 5 mA cm™ (Figure 29a). LMNFC
is capable of high rates due to the iron and other dopant inclusions aiding the lithium insertion and

extraction without manganese dissolution but hindered by the high cathode loading, especially at
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10 mA cm™. Increasing dopants in LMO do demonstrate better rate capability (Figure S61) but
LMNEFC displayed the highest capacity retention with increasing charge and discharge rates.
Charge/discharge curves of the LMNFC rate tests (Figure 29b) display surface polarization
at all rates indicated by increasing over potential. This is seen by the shift in the differential
capacity peaks (Figure 29¢) to the right on charge and to the left on discharge due to increased
kinetic resistance at the high rates. However, the shapes of the curves do not depress or change
suggesting the lattice structure is still intact. This is further specified by the differential capacity
curves before and after high rate cycling (Figure S62 and S63) that show little change. The high

rate cycling causes increased polarization but did not damage the spinel structure.

101



a__ 100 oA
= m.
2 N0frooooo0 cm:2
s o | 0-0-6-0-0-0-0000g 5. 000 N
£
2 70 O-o 0-0-0
§ 60 S
8 50l 0000
& 40 |
@®
S 30
L
a 20}
g | 0.25mA 0.5mA 1 mA 2 mA 4mA 5mA 5 mA
S 13 cm-2 cm-2 cm2 cm-2 om-2 cm=2 &° ©-0-0| cm?
@ 0 5 10 15 20 25 30 35 40
Cycle
b 45 ¢ 0.00015
44 | <
43 | 2 0.0001
42 F 5
2
S 41 S, 0.00005
[} ©
g4 + 8 0
39 S 3
38 |f £ -0.00005
37 | o
(]
36 £ 00001 |
35 1 1 1 1
0 20 40 60 8 100 -0.00015

Specific Capacity (mAh g-') Voltage (V)

Figure 29a. Capacities of the rate capabilities of the LMNFC. Rates were at ~C/10 to 4C. Figure
29b. Voltage vs specific capacity of LMNFC cathode. Blue is 0.25 mA cm™, orange is 0.5 mA
cm?, gray is 1 mA cm™, yellow is 2 mA cm™, and black is 4 mA cm™. Figure 29¢. Differential
capacity vs. voltage of LMNFC at different rates where the up direction is charge and down is
discharge.

Rate capability of spinel is enhanced by the multiple dopants without loss of the lattice
structure. The inclusion of the iron dopant enables better resistance to transition metal dissolution
at higher rates while the smaller particle size enhances rate capability *%*. Although, the nickel and
cobalt dopants allow lithium to remain in the structure when charged to 4.5 V, limiting a from

approaching 0. To determine the effects of high voltage where more lithium is extracted from the

spinel, a LMNCEF half-cell was attempted to charge to 5.25 V (Figure S64) at high rates. However,
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decreasing achievable capacity is observed due to increased resistance from electrolyte instability,
necessitating an optimized high voltage stable electrolyte.

Cycling the various materials in half-cells between 2.5 and 4.5 V (Figure 30a) displays the
expanded lattice from the chlorine permits lithium insertion below 3.5 V, allowing a >1. XPS
results have shown the binding energies are greater in chlorine doped samples than LMO from
higher electron affinity of Cl compared to O which may also have an impact on the enhanced
capacity?®!. Likewise, LMO data is not included since it cannot accept more lithium because it is
not disordered and the lattice parameter is not expanded. In the chlorinated samples, a large
resistance is observed by the voltage difference between the charge plateau at 3V and the discharge
plateau at 2.6 V. This voltage difference is most likely kinetic resistance to accepting lithium into
the unoccupied spinel sites. The difference is also seen by the peaks in the differential capacity
curves (Figure 30b) where extra capacity is required to accommodate initial structure shifting from
the extra lithium. However, degradation and anomalous peaks from the initial discharge to 2.5 V
is not detected between 3.5 and 4.5 V in the differential capacity plot. The extra specific discharge
capacity achieved at 2.5 V, for example LMNFC from 86.7 to 144 mAh g!' (540 Wh kg™), is
beneficial for doped LMO cathodes.

The addition of chlorine enables the chlorinated LMO samples to increase specific capacity
by up to 50% in most of our samples in which lithium is assumed to be occupying the empty
octahedral sites. Researchers have discovered the lattice shifting and accommodating a second
lithium per mol of material via this extra site’>. The chlorine possibly attracts electrons from the
transition metal outer orbitals widening the lattice and allowing a second lithium to insert into the
open manganese site when discharging below 3 V. With further optimization, this will enable the

spinel material to compete with higher energy density cathodes.
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Figure 30a. Voltage vs. specific capacity of all samples to 2.5 V at 0.5 mA cm™(C/10 at 120 mAh
g'!). Figure 30b. Differential capacity vs. voltage of LMNFC.

Half cells discharged (Figure 31a) to 2 V demonstrate a specific capacity increase of only
an additional 10 to 30 mAh g™!. Previous reports indicated the specific capacity can be increased
another 60 mAh g™! when discharging to 2 V albeit with 0.05 chlorine doped at the oxygen site?*?
versus the 0.0114 shown in this work via XRF. Another plateau appears to form, though not seen

in the differential capacity (Figure 31b), in our samples but the increasing polarization limits

acceptance of more lithium. The 15% excess LiCl, high calcination temperature, and long
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processing time may have reduced the chlorine that is available to enter the structure but

nonetheless LMNFC still achieves a 60 mAh g! increase at 2.5 V.
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Figure 31a. Discharge curves of all samples to 2 V at 0.5 mA cm™ (~C/10 for 120 mAh g™).
Figure 31b. displays the differential capacity plot of LMNFC discharging to 2 V.

Charging above 5 V and discharging to 2.5 V creates pressure on the lattice and cell
components, namely the electrolyte. Figure 32a and 32b displays charge and discharge results of
a half-cell with LMNCEF for two cycles between 2.5 and 5 V with EIS measurements performed
every hour. An example of the model®** used to fit the EIS data, which generates the fitting results
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(Table 8), is included in the inset. The initial resistor in the series is defined as the electrolyte
(Rsolv), the next resistor/capacitor pairing (Ra/Ca) is the anode, followed by the double layer or
the solid electrolyte interface (SEI) on the cathode (Rp/Cp), and the last resistor/constant phase
element pairing is diffusion into the active cathode material (Rad/Cad). An example of the EIS is
included in Figure S13 and Figure S14 with full reporting of EIS fitting results in Tables S23-26.
Despite assuming electrolyte instability, the electrolyte resistance did not increase over any of the
tests but several other resistances increased.

During the first charge, the total resistance decreases between the point at 2.5 V (Point 2,
26.0 Q) and the 3 V plateau (Point 3, 19.6Q2). Above 4.5V, the total resistance begins to increase
again to 66.1 Q at 5 V. However, the measured resistance does not decrease back to initial levels
upon discharge to 2.5 V but rather increases to 149.8 Q. This difference is the degradation of

294 and aluminum?®®, as well as cell stress from

components from 5 V cycling, such as electrolyte
cycling to 2.5 V. Cycling that same cell again between 2.5 and 5 V shows the resistance increase
(63 Qto 161 Q) is not reversible. This can also be seen in the reduced specific discharge capacity,
187.5 mAh g (640 Wh kg™!) vs. 172.5 mAh g (595 Wh kg!). Concentration polarization in the
discharge at 2.5 V is missing in the second discharge, accounting for the lower specific capacity.
The calculated resistance in the cathode pores increases (Rad, Tables S1-4) after the 1% cycle and
in the SEI layer after the 5 V cycle (Table 2), stopping lithium insertion. The lower rate helps
achieve higher specific capacity in this set of experiments but could not maintain the cell specific
capacity for multiple cycles from increased resistances.

To analyze the effect of charging to 5.25 V and discharging to 2 V, the same experiment

was performed between 2 and 5 V and then between 2 and 5.25 V (Table 8 and discharge curves

in Figures S65a and b). For the 5-2 V cycle, there is an increase in resistance between Point 4 (4.1
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V, 74.01 Q) and Point 5 (5 V, 243.5 Q), which is most likely due to electrolyte instability and

structural limitations from lithium exiting the spinel structure. However, the final total resistance

increased by 80 to 211 Q and is mainly the increased electrolyte resistance in the interaction with

the electrodes. The specific capacity increases to 202 mAh g (639 Whr kg™!) but the increased

resistance will lead to loss of capacity over time.
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Figure 32a. Voltage vs. specific capacity for LMNCF between 5 and 2.5 V at 0.2 mA cm™ (~C/10
for 120 mAh g') with EIS measurements every hour. Figure 32b. Voltage vs. specific capacity
for LMNCF between 5 and 2.5 V at 0.2 mA cm™ with EIS measurements every hour for a second

time.
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Total Resistance Initial | Point 2| Point 3| Point 4 |Point 5| Point 6 |Point 7| Point 8 | Point 9 | Point 10 | Point 11 | Final

()
S'Z‘éy‘;l;‘“t 63.64 | 2599 | 19.55 | 18.13 | 27.71 | 66.08 |109.67| 8023 | 9562 | N/A | N/A | 149.86
5'2'58;32“0“‘1 161.21] 70.45 | 49.50 | 34.73 [311.92| 66.42 | 94.39 | 126.90 | 137.98 | N/A N/A | 139.58

5-2V Cycle (134.05|117.81|100.78| 74.01 |245.34|130.31 | 122.64 | 172.78 | 219.66 | 199.23 N/A 211.28

5.25-2 V Cycle |229.67|112.95|105.34 | 69.01 | 66.36 |236.86|254.52| 265.88 | 349.54 | 377.60 | 315.98 | 314.27

Table 8. The total resistance measured from the EIS measurements at different points during
different charge and discharge voltages. Performed on same cell in sequential order from top to
bottom.

Cycling to 5.25 V increases cell resistance from electrolyte degradation and SEI products,
slowing lithium-ion kinetics from the increased nonconductive films. This is indicated when
charging to 5.25 V where the overall resistance increases from 66.36 (point 5, 4.6 V) to 236 Q
(point 6, 5.25 V). When cycling between 5-2.5 V, the overall resistance does decrease to ~140 Q
but increases substantially when further expanding the range to 5.25- 2 V. The operational impact
of increasing resistance from the wider voltage range (5.25-2 V) is a decrease in both specific
capacity and energy, 202 mAh g and 639 Wh kg™ to 185 mAh g! 567 Whr kg'!. Without further
optimization of the spinel material through more chlorine and better electrolytes, the voltage range
will need to be reduced.

Lattice rearrangements are a consideration when a >1 in lithium spinel. In the first 5-2.5 V
cycle, the cell resistance decreases on discharge between Point 7 (3 V) and Point 8 (2.6 V) while
it increases between Point 2 (3.1 V) and Point 3 (3.7 V), signaling that cell stress from a >1 may
not be a concern. Despite the low rate, however, the specific capacity is not recovered in the
following cycle. This is in good agreement with past reported results where decreasing cycle life
was found when discharging to 2 V*. However, Atwater and Taveras showed longer cycle life

when discharging to 2 V with more chlorine in the lattice and a different electrolyte**2. Although
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for our material, reducing the voltage range may reduce specific capacity loss when charging to 5

V and discharging to 2 V.
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Figure 33a. Cycles 3 and 5 for LMNFC-LLCZN cell. Figure 33b. Differential capacity of cycle
3 on LMNFC-LLCZN cell. Figure 33c. Specific capacity and Coulombic efficiency vs. cycle
number of LMNFC-LLCZN cell. Squares are Coulombic efficiency and diamonds are specific
discharge capacity.

Validating the performance of LMNFC between 5 and 2.2 V to maximize specific capacity
without an overcharge can be performed with 5 V stable LLCZN garnet (Figure 33a and b). The
spinel material is calcined with a=1. On the initial cycle, the Coulombic efficiency (Figure 33c) is
176% because when lithium is removed on charge but a>1 when discharged to 2.2V. LMNFC
displays 200 mAh g™, which is similar to what was achieved in liquid cells between 5 and 2 V.
However, the energy density within the cathode is measured at 694 Wh kg™! versus 639 Wh kg!in

liquid cells. This is mainly from the increased specific capacity above 3V of 118 mAh g'! versus
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90 mAh g at 2.5 V. Unlike with the fully liquid cells, there is not an overcharge detected by
differential capacity at 5 V, showing the benefit of the solid state electrolyte. With increasing
cycles, there is a slight reduction in specific capacity from 208 to 192 mAh g from the loss of
capacity at the 2.5 V plateau. Nevertheless, the LLCZN solid state electrolyte shows the potential
of 5V cycling with triple doped, chlorinated spinel but more work is required to stabilize the extra

lithium within the spinel structure.

4. Conclusions

A sub-micron, chlorinated, triple transition metal doped lithium spinel was calcined using
a citric acid method. The submicron nature of the spinel enabled high rates at 5 mA cm™ in thick
cathodes with an active loading of 23.7 mg cm™. While, the addition of chlorine expanded the
lattice and enabled cycling to 2.5 V which increased specific capacity by 60 mAh g! by allowing
more lithium into the structure. Finally, the transition metal dopants, specifically cobalt and nickel,
allowed for an increased operating voltage to 5.25 V. The increased voltage range used to
maximized specific capacity of the cathode material, however, increased resistance in standard
liquid electrolytes. This increase in resistance will decrease cycle life and reduce rate capability.
The lithium spinel paired with high voltage stable LLCZN garnet proved to reduce electrolyte
instability when cycling to 5 V and provides a viable pathway for 5 V cycling. In future work with
high nickel content, the inclusion of chlorine, and other stabilizing dopants, lithium spinel should

display an increase in specific capacity that can rival state of the art cathodes.
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Chapter 5: Lithium Garnet and Lithium Spinel Conclusions and Future
Work

1. Varying Lithium Content in LLZO Garnet

1.1 Conclusions

Lithium-ion conducting LLZO type garnets have the potential to replace organic liquid
electrolytes in lithium based rechargeable batteries but optimized processing conditions are needed
to ensure the electrochemical properties (namely ionic conductivity) are improved. By varying the
lithium content, as shown in Chapter 2, before calcining the precursors, the physical and
electrochemical properties were varied over a range of sintering conditions, including utilizing
different crucibles. The lattice parameter changed in the calcined powder as the lithium content
varied, which was a sign of phase deformation, but the techniques used could not detect these
minor differences in the garnet structure outside of the lattice parameter. After sintering in Al,O3
crucibles, however, aluminum contamination may have contributed to decreasing lattice
parameters in the lithium and aluminum rich sintered samples, which allowed the cubic phase to
be stabilized below the designed lithium content. By contrast, the MgO crucible sintered samples
displayed larger lattice parameters than the AlbO3 crucible sintered samples. These variations in
the lattice parameter between the crucibles did not severely impact the bulk conductivity.
However, aluminum contamination did prove beneficial to forming denser microstructures.

The microstructure and electrochemical results reveal that lithium is a larger factor for
microstructure development and thus grain boundary conductance than it is for bulk conductivity,
especially when aluminum contaminates the SSE. This occurs for two reasons: 1) better phase
purity and 2) liquid phase sintering. The secondary phases detected in the sintered samples were

mainly La;Zr,O7 and CaCO3 which were formed primarily in lithium and aluminum poor samples
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and in every MgO sintered sample. These secondary phases slow sintering processes and hinder
transport over the grain boundaries. Secondly, the liquid phase sintering from Al,O3-Li2O melting
appeared to greatly enhance the density and Ggs of the LLCZN SSE. However, Al,O3
contamination is difficult to control at sintering temperatures and may dope the LLCZN lattice,
potentially slowing Li" conduction through the lattice. The MgO sintered samples displayed a half
an order magnitude greater bulk conductivity from the larger lattice, but an order of magnitude
lower grain boundary conductance from the less desirable microstructures and the nonconductive
phases. The lithium carbonate melting in MgO sintered was not enough to offset the lower phase
purity slowing conduction over the grain boundaries. This will need to be studied further to
determine if a pure phase LLCZN sample can be sintered in MgO crucibles.

Eliminating the aluminum contamination to maintain the high bulk conductivity while
maintaining the high grain boundary conductivity will be preferable as the contamination cannot
be controlled. To do this, the particle size should be decreased, the excess lithium should be
optimized, and the sintering conditions will need to eliminate secondary phase formation while
limiting lithium losses. Preliminary work has shown that utilizing small particle sizes can reduce
the sintering temperature?®®, which would reduce lithium losses. This should be explored further
with varying the lithium to understand the effect of changing the sintered sample size while
creating thin electrolyte layers.

1.2 Future Work

As mentioned in the previous section, particle size and lithium content play a role in the
densification processes during sintering. The different shapes of the sintered body also may have
an effect, where there will be larger amounts of lithium loss at sintering temperatures as greater

surface area is exposed to the sintering environment. Preliminary studies with reducing the sintered
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body size from 0.5 to 0.3, 0.2 and 0.1 g in LLCZN15 after sintering at 1100°C for 18 hours
(utilizing the same set up in Chapter 2) displays an increasingly dense fractured edge as the size
of the sample decreases (Figure 34). This indicates the size of the green body impacts the density
of the finished sample. As the size shrinks, the sintered sample becomes denser and appears more
conducive to Li* conduction. This is most likely due to the lithium content of the samples changing
with each sample. For example, the smaller sample should have larger lithium losses than the
larger cells due to increased specific surface area. This could make the lithium content closer to
the desired stoichiometry of the cells. Therefore, the sizes of the sintered body should be

investigated while measuring lithium content to determine how to consistently sinter LLZO garnet.
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Figure 34. SEM and BSE images of LLCZN20 using different weights of powder pressed into
pellets and sintered according to the sintering procedures in Chapter 2

Another option is to eliminate the sintering step all together as it may prove to be a costly with
a high scrap rate if not optimized. One approach is to construct a hybrid solution utilizing ceramic
LLZO powders, a lithium conducting polymer, and a small amount of OLE. This can be achieved
by using poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) as the polymer and LiTSFI
dopant to the PVDF-HFP to provide ionic conductivity*’. By combining up to 30 wt% of

Lissla3Zr14Tao 6012, the Young’s modulus can be increased to 52.1 MPa and achieve ionic
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conductivities of 3.2 x 10* S cm™!. This compares favorably to lithium garnet which has been
reported 150 GPa?*® and 10* S cm™ #*° Traditionally, liquid electrolyte is also added to PVDF-
HFP membranes in small amounts to aid conduction over the electrode-electrolyte interfaces and
grain to grain conduction in the cell, which can increase the ionic conductivities to 1 x107 S cm’!
when introduced in higher quantities**’. Combining this with the design of the reported tri-layer
structure for all-solid-state batteries*®!, a new electrolyte design can be explored.

The tri-layer structure for semi solid-state batteries includes a porous cathode layer, dense solid
electrolyte layer, and a porous anode layer. Applying this design to a hybrid cell of PVDF-HFP
and LLCZN, three layers can be constructed. On the anode side a high ratio of LLCZN to PVDF-
HFP to potentially allow for space for lithium is utilized. The next layer will require a thin dendrite
blocking layer in order to increase energy density by decreasing the weight of the electrolyte. This
layer will have high amounts of PVDF-HFP but lower amounts of LLCZN10. The last layer will
be a duplicate of the anode layer with future designs incorporating active cathode material into the
design to allow for ionic conductivity to be added directly into the cathode. In these initial designs
the OLE use in Chapter 4 will be added to the CR2025 cell at 20 uL for each 16 mm sample (3.34
pL cm™).

The detailed design of the cell used in the preliminary results for the rest of the section is
shown in Figure 35. The design allows for a standard composite cathode to be utilized, i.e. no
changes in the weight ratios utilized in Chapter 4, but does require an ion conductor to be applied
(liquid) to allow for full capacity utilization. The next layer, polymer in ceramic, is 85%
LLCZN10-PreMill (fabricated as the same procedure in Chapter 2), 10% PVDF-HFP (Sigma
Aldrich), and 5% LiTFSI (Sigma Aldrich, 99.99%) in acetone (Fischer Chemical, 99.5%). The

mixture was cast on a substrate to create a single thin layer and 16 mm discs were cut out. This
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layer will also require a liquid infiltration to reduce resistance between itself and the other layers.
The last electrolyte layer is ceramic in polymer with 80% PVDF-HFP, 15% LiTSFI, and 5%
LLCZN. The anode is a standard lithium metal anode (MTI). This is packaged into a CR2025 cell
for evaluation. The tri-layer design is not utilized in this initial testing to determine if the ceramic

in polymer layer can limit dendritic failures.

Composite Cathode
- «— (Cathode, carbon, binder,
and ion conductor)
Polymerin Ceramic
<«— (LLZO, lithium salt, binder,
and glue/liquid)
Ceramic in Polymer

<+—— (LLZO, lithium salt, binder,
and glue/liquid)

— Lithium Metal Anode
|||‘

Figure 35. Design of the bilayer design using the polymer in ceramic and ceramic in polymer

Using the design in Figure 35, but constructing a symmetric cell with lithium metal
electrodes, lithium is plated and stripped from one lithium metal electrode to the other. The current
applied is 0.5 mA for 30 minutes for both charge and discharge and performed at room
temperature. The data indicates there does not appear to be much of a side reaction or dendritic
formation throughout the experiment (Figure 36). Likewise, the voltage appears stable over long
periods of time. This is confirmed in the magnified section of the graph showing the lithium
cycling enables a stable voltage despite the long amount of time performing this experiment.
However, there are some limitations to the data. This system is limited as there is internal pressure
in a CR2025 cell and thirty minutes is a limited amount of time to cycle any device, meaning the

amount of lithium plated and stripped is limited to 0.25 mAhr. The data does show that lithium
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can be successfully stripped and plated over many cycles with limited to no secondary reactions.

More research should be performed to plate and strip greater quantities of lithium.
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Figure 36. Lithium-lithium cycling of a cell using the design shown in Figure 35

Replacing one of the lithium electrodes from the cell used in Figure 36 with a cathode
(80:15:5 LCO:PTFE:C wt%, same percentages as Chapter 4), allows the electrochemical cycling
of a full cell (Figure 37). Cycled between 4.2 and 3 V at room temperature, the cells obtain 120
mAhr g'! for five cycles at 0.5 mA cm™, which is the measured capacity of the LCO used in this
work when used with a standard OLE. This captures the promise of the design to deliver high
capacity despite limited organic electrolyte. The estimated energy density of the cell is ~125 Wh
kg!, less than the 200-250 Wh kg of state-of-the-art lithium-ion batteries but there are

optimizations to increase the energy density further.
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Figure 37. Full cell cycling at 25°C and using the cell design in Figure 35. Blue line is the
voltage, orange line is the charge capacity, and gray line is the discharge capacity.

The energy density of the designed cell can be optimized with different materials and
processing improvements. Firstly, switching the LCO cathode for a higher energy density cathode,
such as NMC622 or the chlorinated, 5 V spinel shown in Chapter 4 will increase the cathode’s
energy density from 480 to ~750 Wh kg™! without changing the cathode design. Increasing the
cathode loading, either through thickness or through reduction of conductive species (carbon) to
35 mg cm™ would increase the cell energy to 350 Wh kg™!. The final change would be to decrease
the size of the electrolyte layer to below 9 mg cm™. With these optimizations, a cell that is 400 Wh
kg can be constructed but more work is required to determine the viability of these proposed
changes.

Future work should also determine if lithium metal is plating through the dendrite blocking
layer and causing shorting. While the data shows stability, there are several decreases in voltage

392 Another potential reason is that lithium is plating inside

118

that may indicate dendrite formation



the polymer in ceramic layer as that one will have more pores for plating. This may offer a potential
layer to plate lithium and have space without penetrating the dendrite blocking layer, which
reduces the overall resistance of the cell. All of these different systems will require structural
characterizations (PXRD, Raman, SEM, etc.) to optimize all the parts for a cell that is above 400

Wh kg

2. Interface between LLZO and High Voltage Cathodes

2.1 Conclusions
Lithium content was shown to be an important factor for stabilizing the LCO and LLCZN

phases at co-sintering temperatures of 1050°C. The temperatures used were below 1080°C because
of the reaction that was shown in the DSC measurements to occur between the two phases above
that temperature, regardless of lithium content. When co-sintering at 1050°C for four hours,
however, 40% excess lithium added prior to mixing the precursors of LLCZN was required to
eliminate detection of secondary phases. The electrochemical cycling performance did show 120
mAbhr g! for 50 cycles in a liquid cell, meaning the co-sintering process did not reduce the capacity
of the active material and there was reaction. This is crucial towards understanding co-sintering
and how it would impact performance of the active cathode material. However, only 30% excess
lithium was required for the best interfacial properties when a thin composite cathode tape was
drop caste onto a sintered LLCZN pellet. Co-sintered cells did show promise by cycling at low
rates for 50 cycles at elevated temperatures. LCO is a material that has fallen out of favor with the
battery market due to concerns of mining®* and cost***. Utilizing the manganese material
developed in Chapter 4 or another nickel-based cathode, would be preferable for higher energy

densities.
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2.2 Future Work
Initial co-sintering experiments between LLCZN40 (formulated as specified in Chapter 3) and

LiMn,04 (Sigma Aldrich Battery Grade) were performed at 350°C and 800°C for 1 hour at each
temperature. The powders were mixed in 50/50 wt % mixtures as performed in the initial
experiments in Chapter 3. Without coatings and despite the excess lithium during co-sintering,
LiMn,04 (LMO) reacts with LLCZN at a lower temperature than LCO as seen in the PXRD
(Figure 38). Secondary phases (specifically La;Zr,0O7) become common after 800°C, in agreement
with reported literature’*>3%. The manganese reacts with the lithium garnet regardless of lithium
content, meaning the technique shown in Chapter 3 is not valid for LMO type cathodes and the
reaction is a different mechanism than with LCO. A coating on the lithium spinel may be required
that, unlike lithium, will not be consumed during co-sintering in order to successfully increase the

co-sintering temperature.
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Figure 38. LLCZN40 and LiMnj 35Nio.05Fe0.05C00.0504.4¢Clq co-sintered at 350°C and 800°C.
Squares are LLCZN40, triangles are LMO, and circles are LaxZr>O7.

LCO was shown to withstand deformations with excess lithium in LLCZN at 1050°C in
Chapter 3. Coating LCO onto the spinel surface may offer similar benefits. LCO was coated onto
lithium spinel successfully using a sol gel method and heating the mixture to 400°C to calcine the
LCO onto the LMO at a 50/50 mol%. The XRD does not show any reaction during the process
and indicates pure phase of both materials. The XRD pattern of LCO and LMO do overlap and are
difficult to differentiate (Figure 39) 3°7% However, La>Zr,O7 forms in large quantities regardless
of lithium content when 50/50 weight mixtures are heated to 800°C. The LCO structure may not
be completely covering the LMO particles or the LCO species at this high of content is a favorable
molar content for secondary phase formation through the coating layer. This may necessitate a

coating that does not include a transition metal.
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Figure 39. XRD of LCO-coated LMO co-sintered with LLCZN40 at 800°C for one hour. Squares
are LLCZN40, triangles are LMO, and circles are La>Zr,0O7.

Alumina coating on lithium spinel has been shown to limit lattice distortions and
manganese dissolution into OLEs 3%-3!°, Alumina was coated onto LMO particles by the Pechini
method. Aluminum nitrate (Sigma Aldrich, 99.997%) was mixed with reagent alcohol (Fisher
Scientific) and citric acid in the same ratios as used in Chapter 4. Ethylene glycol and LMO were
then added at the same ratio as Chapter 4 to make 2% Al2O3 and 98% LMO. The procedure
continued as specified in Chapter 4 but the calcination was reduced to 600°C for one hour. Initially
when mixed in a 50/50 wt. % mixture with LLCZN40 as in Chapter 3, the coating appears to
maintain the stability of both phases at 500°C for one hour. However, despite the coating, the
stability of LMO and LLCZN did not increase to 800°C, which is within the sintering temperatures
of LLZO electrolytes when dopants or sintering aids are utilized. The secondary phase appears to

be LayZr>O7. The oxygen loss that occurs around 800°C causes LixMnQOj3 formation and a change
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in oxidation state of the Mn>!!. This change may be driving the reaction with both the LLCZN and

LCO or Al203 coating is applied to the surface.

800°C No Coating on LMO
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Figure 40. PXRD of resultant mixtures of LCO particles with different coating mixed with
LLCZN and co-sintered to various temperatures. Circles are LLCZN, triangles are lithium spinel,
and square are secondary species from the reaction between the two.

These preliminary results show some potential for co-sintering a coated spinel with LLZO
type electrolytes. However, more work will be needed to confirm stability at temperatures closer
to 800°C and a decrease in interfacial resistance with LLZO electrolytes. Transmission electron
microscope or other surface level techniques should also be used to confirm the stability of the
coating. EIS using the symmetric cell system outlined in Chapter 3 can be performed at various
temperatures and coatings to determine the decrease in Rint. Determining these properties with an
LLZO type system, the dopants or sintering aids in LLCZN can be varied to better match the co-

sintering temperature to create a solid electrolyte and solid cathode in a single step.
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3. Lithium Spinel Cathode and Composite Cathodes for LLZO

3.1 Conclusions

The LMO type spinel structure was shown to be capable of three different transition metal
dopants on the A-site that enabled higher voltage operation and the chlorine as an anion dopant,
increases capacity when operated at voltages down to 2 V. The transition metal dopants increased
capacity by 20% when increasing the charging voltage from 4 V to 4.75 V and another 10% above
5 V. However, the stress on the cell from cycling to 5 V through the decomposition of the liquid
electrolyte, indicated by the increase in resistance, caused the cells to quickly lose capacity.
Despite these issues, a material that has high rates and can provide a long cycle life, albeit with
reduced capacity, was demonstrated.

Chlorine was added as an anion dopant to increase capacity to 240 mAhr g!, effectively
making the spinel structure LixMn»0O4-Clq when discharge to 2 V. The electronegativity of the
chlorine draws in the oxygen atoms widening the 3-d channels of the spinel enabling a second
lithium to be cycled into and out of the structure. This extra capacity achieved makes the doped
LMO spinel an attractive cathode for next generation lithium-based batteries as it has more
capacity than NMC based cathode materials and employs manganese rather than nickel or cobalt.
Utilizing this cathode with LLZO sintered pellets developed in the varying lithium content section,
the potential for cycling between 5 V and 2 V was displayed for five cycles, albeit at a slow rate.
More work though is needed to lengthen the cycle life and increase rate capability with the LLZO
garnet. through the use of thinner solid-state layer to increase rates. Additionally, the liquid used
as a catholyte should be optimized to increase coulombic efficiency to decrease secondary

reactions.
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3.2 Future Work with Anion Doped Spinel
Future work should focus on the impact of chlorine on the structure and its interaction with the

other sites in the lattice structure. Chlorine has higher electronegativity than oxygen and despite
being in lower quantities does show an impact when doped in LMO on the performance, the lattice
parameter, and the lattice ordering. Similar anion dopants in lithium spinel such as, fluorine and

sulfur, has been shown to decrease the oxidation state of manganese!? | greater thermal

313 314

stability”'”, and better SEI formation”'*. While sulfur doping on the anion site has been shown to

315 1 316

increase electrical conductivity’'”, increases capacity to 183 mAhr g , and increased
electrochemical properties®!”. All of these studies should be performed to determine chlorines
impacts on the structure, conductivity, and SEI formation to name a few of the potential impacts
of chlorine.

Lithium spinel offers the opportunity to operate at 5 V and above but requires and
electrolyte that is stable above 4.5 V. Lithium conducting garnet can operate at those voltages but
requires more studies to determine a design to minimize the resistance of the SSE layer, which
requires studying the lithium lost during high temperature sintering. Once sintered, the interface
resistance between the cathode and SSE will need to be minimized and those ionic pathways to be

dispersed through the cathode to allow for operation of a solid-state battery with an

environmentally friendly cathode that will achieve over 400 Wh kg™
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Appendices

Appendix A: Supplementary Information for Chapter 2
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Figure S1. XRD of calcined powders. 1Sa. PreMill LLCZN powder. 1Sb. PostMill LLCZN
powder. The bottom pattern is ICDD 45-0109
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Figure S3. Phase plot vs. lithium content. Blue is LLCZN phase, orange is CaCOs3, and gray is
LaZr0O7. S3a. PreMill LLCZN powder. S3b. PostMill LLCZN powder.

In the PXRD results, there does appear to be an increase in phase purity after milling.
However, the TGA, DSC, and Raman results indicate a reaction during the ball milling step. The
added 10% of weight from this step may lower the secondary phases under the detectable limit of

the PXRD.
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Figure S4. Raman spectra of calcined powders. S4a. PreMill LLCZN powder. S4b. PostMill
LLCZN powder.

129



a

Weight Percentage

Weight Percentage

100%
98%
96%
94%
92%
90%
88%
86%
84%
82%
80%

100%
98%
96%
94%
92%
90%
88%
86%
84%
82%

-——LLCZN-5 Pre

——LLCZN10 Pre

LLCZNO Pre ——LLCZN5-Pre

LLCZN15 Pre ——LLCZN20 Pre

200 400

600 800 1000
Temperature (°C)

——LLCZN-5 Post
——LLCZNS5 Post
B LLCZN15 Post

__———————/L—_—

LLCZNO Pos
——LLCZN10 Post
——LLCZN20 Post

80%

200

400

600

800

1000

Temperature (°C)

Figure SS. TGA of calcined powders. S5a. PreMill LLCZN powder. SSb.
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Figure S6. DSC of calcined powders. S6a. PreMill LLCZN powder. S6b.
PostMill LLCZN powder.
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X y y/ Occupancy
Lithium 1 0.3750 0.0000 0.2500 0.9400
Lithium 2 0.0959 0.6900 0.5731 0.3500
Lanthanum 0.1250 0.0000 0.2500 0.9190
Calcium 0.1250 0.0000 0.2500 0.0810
Zirconium 0.0000 0.0000 0.0000 0.7500
Niobium 0.0000 0.0000 0.0000 0.2500
Oxygen -0.0316 0.0538 0.1500 1.0000

Table S1. Fitting Parameters of LLCZN PXRD
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LLCZNX RWP X2
LLCZN-5-PreMill 7.18 2.47924
LLCZNO-PreMill 6.5 1.98804
LLCZNS5-PreMill 6.39 1.88841
LLCZNI10-PreMill 6.25 2.04549
LLCZNI15-PreMill 6.31 1.72813
LLCZN20-PreMill 6.72 23115
LLCZN-5-PostMill 9.08 4.95281
LLCZNO-PostMill 8.51 |3.156371
LLCZNS5-PostMill 9.82 14.913778
LLCZNI10-PostMill | 9.22 | 5.795145
LLCZNI15-PostMill | 9.89 | 5.790405

LLCZN20-PostMill | 10.72 | 6.453045
Table S2. Refinement results of varying lithium content

The calculated lattice parameter before sintering can give an indication for the lattice
spacing free of aluminum and how it changes with lithium content. Rietveld refinement data of the
Pre-Mill samples indicates a decrease in the lattice parameter between LLCZNO to LLCZN20
(fitting parameters in Table S1 and S2). The lattice parameters can be used to estimate the lithium
content of certain samples (Table S3). In comparison, the lattice parameter of the Post-Mill powder
shows slighter variations as a function of lithium owning to the small atomic radius of lithium and
the reaction during the IPA ball milling step. The lattice parameter will revert back to the range
closer to the Pre-Mill samples when Li>CO3 decomposes but the final sintered sample’s lattice

parameter will be dependent on lithium loss and aluminum contamination, which will impact cguik.
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Measured

Molar Li
Content of Calculated Absolute
Percent Excess | Designed Molar Calcined Molar Lithium Percent
Li Added Li Content LLCZNX Content Difference
-5 6.413 5914 N/A N/A
0 6.750 6.394 6.297 1.5%
5 7.088 6.558 6.642 1.3%
10 7.425 6.768 7.089 4.7%
15 7.763 7.189 7.109 1.1%
20 8.100 7.481 7.252 3.1%

Table S3. Measured molar lithium content after calcination and the calculated molar lithium
content using the lattice parameter with the error between the calculated and the actual.

Calculating lithium content from the lattice parameters would enable the measurement of
lithium content without performing ICP-MS. By not utilizing certain samples where LaxZr,07 is
formed (LLCZN-5), the lithium content of calcined powder can be estimated from the PreMill
lattice parameter (Table S3). By doing so, the average error between the measured and calculated
molar lithium content is 2.3%. This error may be from lithium garnets reaction with air or other

experimental errors but the results indicate the possibility to estimate lithium content without

performing ICP-MS.
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Figure S7. Percent lithium loss from added molar lithium content vs. the added lithium content.
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Figure S8. Structural characterization data for LLCZNX-MgO. PXRD where the
bottom pattern is ICDD 45-0109. Circles are La,Zr,O7 and squares are CaZrOs.
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LLCZNX-
MgO RWP X?
-5 9.22 5.83
0 8.35 4.25
5 8.29 4.40
10 8.16 4.56
15 1042 | 6.96
20 7.82 3.78

Table S4. Fitting results of PXRD from LLCZNX-MgO
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Figure S9. Raman Spectra of LLCZNX-MgO. Circles are LaxZr07

Bands below 150 cm™ are ascribed to lanthanum cations'®. The low frequency range
(<300 cm™') matches LiO6 octahedral (96hLii position) vibrations and the middle frequency (300-
550 cm) to the LiO4 tetrahedral (24dvii position). Lastly, the bands greater than 550 cm’! are
associated with the Zr octahedral vibrations®!” and Nb-O sites. Sharp peaks indicate secondary
phases as either LaxZr07 (300 cm™)3?° or CaCO; (250 and 550 cm™)*! and are detected in
samples that are contaminated with aluminum or out of the lithium stoichiometric range = 6.75
and 6.4. As lithium content is reduced, the band at 400 cm™' begins to weaken. The bands at 400

cm™ are ascribed to La>ZrO7 formation2°.
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Figure S10. Lattice parameter versus measured lithium content of LLCZNX-MgO
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Measured
Molar Li

Calculated
Percent Designed Content of Molar
Excess Li Molar Li LLCZNX- Lithium Percent
Added Content MgO Content Difference

-5 6.413 5.53 N/A N/A
0 6.750 6.31 N/A N/A
5 7.088 6.48 6.447 0.50%
10 7.425 6.59 6.632 0.64%
15 7.763 7.11 7.112 0.02%
20 8.100 7.27 7.259 0.15%
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Table S5. Measured molar lithium content after sintering in MgO and the calculated molar
lithium content using the lattice parameter with the error between the calculated and the actual.
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Figure S12a. Average lithium loss and aluminum gain versus sintering time. Circles are lithium
loss. Figure S12b. Measured molar lithium amount by lithium content vs sintering time. Circles
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4 6 8 10 12 14 16 18 20 22 24
Sintering Time (Hour)
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Estimating the lithium percentage from added lithium content would be beneficial and
eliminate the need for destructive analysis using ICP-MS. In this work, the percentage of lithium
lost from the added lithium, follows a linear trend (Figure S12a) between 12 and 24 hours. The

linear data though is limited to between these times, but some inferences can be made as the
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sintering time approaches zero where the trend becomes quadratic. LioO vapor pressure occurs
above 500°C and increases with temperature®??. In our experimental set up, the samples are
exposed to these temperatures for 6.67 hours between 500°C and 1100°C as the furnace heats and
cools during which time Li»O vapor pressure will form. The rate of lithium loss (mol Li hour™)
further exemplifies this by its rise from 0.012 to 0.022 mol Li hour™! with increasing sintering time
from 12 to 24 hours. However, as the sintering time gets closer to zero, the lithium losses may be
dominated by the lower vapor pressure rates at the heating and cooling times, meaning the losses
per sintering time (rate) will be slower. Despite these losses, the weight change at 12 hours appears

be the primary influence of weight loss and not the losses during heating and cooling.
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Figure S13. Sintering Time vs. Measured Molar Lithium Amount in Various Excess Lithium
Amounts Circles are LLCZN20, plusses are LLCZN15, squares, are LLCZN10, triangles are
LLCZN10, minuses are LLCZNO, and diamonds are LLCZN-5. Trend lines are quadratic.

Lithium content versus sintering time also appears to be quadratic for each individual
LLCZNX sample as lithium loss slows when approaching the Post-Mill lithium content for all
samples (Figure S13b). With the equations listed in Figures 3, the lithium content in the sintered
samples can be estimated from the added lithium content, which would then not be required to be
measured when using this sintering procedure. The quadratic equations in Figure 10b follow the
standard quadratic formula (Eq. 12)

(12) y=ax*+bx+c
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Meanwhile, the quadratic formulas for each individual trend line with constants “a” and “b” (listed
in Figure S13) can be averaged (Eq. 13) where y is the molar lithium content after sintering and x
is the sintering time.

(13) y = —0.00073x2 — 0.00335x + ¢

Lastly, the “c” constant for each individual powder can be replaced by the molar lithium content
for the calcined powder equation to become Eq. 14.

(14) y = —0.00073x2 + 0.925x

This equation is able to use the added lithium molar contents and compare to the measured lithium
contents listed in Table S6. The results show a fit with a relative error between calculated and the
actual of 1.15% (Figure S14). LLCZNX-MgO samples can also be compared to the results of the
equation where the error was found to 2.2% but may not be a proper comparison with the larger

crucible utilized during that procedure.
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Figure S14. Molar lithium content vs. sintering time. Circles are LLCZN20 squares, triangles
are LLCZN10, and diamonds are LLCZN-5. The blue data points are actual while the black are
calculated with equation 12.

Researchers desire to limit sintering times in order to make garnet financially feasible for
use in lithium-ion batteries®>* and thus several inferences can be made based on our results. Each
of the constants in the calcined powder and the sintering equations will be influenced by either the
calcination or the sintering conditions. The sintering constants (a and b) and the calcination
equation are influenced by atmosphere**, powder bed*?*, and sample size*?. With no powder bed
and higher rates of lithium loss at the operational temperature, the a constant may approach zero
as the losses become linear. That will make the “b” constant larger in contrast, which may be the
case for powder bed free sintering in tape casted samples*2’. Other issues like equipment variations

may be factors but are not likely to be as large of a factor as the lithium loss in absence of a powder
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bed. The variations of lithium content of LLZO type garnets impacts physical and electrochemical
properties and are critical to understand for large scale manufacturing, especially as new sintering

techniques are developed.
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Sintering Time | Excess Lithium Mgasp red P@rcel.qta.ge Change Measpred
(hr) Percentage Lithium n L1'th1um from Aluminum
Content Calcined Results Content
12 -5 5.76 -3% 0.00
12 0 6.28 -2% 0.00
12 5 6.37 -3% 0.18
12 10 6.57 -3% 0.01
12 15 7.11 -1% 0.04
12 20 7.34 -2% 0.55
18 -5 5.62 -5% 0.00
18 0 6.02 -6% 0.00
18 5 6.30 -4% 0.10
18 10 6.47 -4% 0.02
18 15 6.76 -6% 0.11
18 20 7.22 -4% 0.31
24 -5 5.41 -8% 0.00
24 0 5.91 -8% 0.00
24 5 6.03 -9% 0.11
24 10 6.20 -8% 0.02
24 15 6.54 -9% 0.20
24 20 7.08 -5% 0.14

Table S6. ICP-MS results for samples sintered in alumina crucibles
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Figure S15. PXRD of LLCZNX-12HR sintered in alumina crucibles. Circles are La>Zr.O7 and
squares are CaZrO:s.
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Figure S16. PXRD of LLCZNX-18HR sintered in alumina crucibles. Circles are La>Zr,O7 and
triangles are CaZrOs.
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Figure S17. PXRD of LLCZNX-24HR sintered in alumina crucibles. Circles are La>Zr,O7 and
triangles are CaZrOs.
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Lithium Sintering
Content Time RWP X?
-5 12 8.42 4.20
0 12 8.28 4.42
5 12 6.55 2.99
10 12 7.01 3.00
15 12 7.46 4.00
20 12 7.18 2.76
-5 18 9.19 6.70
0 18 7.65 3.87
5 18 6.91 2.46
10 18 6.16 2.55
15 18 9.09 6.86
20 18 7.50 4.44
-5 24 9.51 6.17
0 24 9.98 4.61
5 24 7.93 3.89
10 24 9.18 6.88
15 24 7.25 2.52
20 24 8.43 5.90

Table S7. Fitting results of XRD from LLCZNX-Y
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Figure S18. Phase plot vs. lithium content. Blue is LLCZN phase, orange is CaCOs3, and gray is
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Figure S19. Raman spectra of LLCZNX-12HR sintered in alumina crucibles. Circles are
LayZr0O7 and triangles are Al,Os.
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Figure S20. Raman spectra of LLCZNX-18HR sintered in alumina crucibles.

Circles are LayZr,0O7 and triangles are Al,Os.
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Figure S21. Raman spectra of LLCZNX-24HR sintered in alumina crucibles.

Circles are LayZr,0O7 and triangles are Al,Os.
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Figure S22. Measured aluminum content and lattice parameter versus measured lithium content.
Triangles are lattice parameters and circles aluminum content.
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Figure S23. Lattice parameter vs. measured molar lithium content. Diamonds are LLCZNX-
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Figure S24. Density vs excess lithium of the green pellets before sintering
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Figure S25. Measured aluminum content and density percentage versus measured lithium
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Figure S26. SEM images for all the sintered LLCZN samples

The SEM images of samples sintered in Al2O3 crucibles show interconnected grains and
denser microstructures as lithium increases. LLCZN-5 and LLCZNO did not achieve dense
microstructures, displaying grain necking but not pore elimination, hindered by secondary phases
slowing densification. LLCZNS exhibits larger interconnected particles with some pores owning
to the high aluminum content causing coarsening without pore elimination. While LLCZN10
contains smaller, visible grains with pores; indicating 10% excess lithium is insufficient to create
a dense microstructure with these conditions. LLCZN15 shows consistent structures with minimal
grain boundaries and limited visible pores which will limit dendrite growth®?®, LLCZN20 has
visible grains but abnormal grain growth when Y=12 and 18 but at Y=24 the slower pore
elimination processes begins with the larger grains**. At our sintering conditions in AlLO3
crucibles, at least 15% excess lithium is required to consistently create dense microstructures.

The inverse displays growing concentration of calcium at grain boundaries with decreasing

lithium content and increasing sintering time. This implies there is a small nominal lithium range
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(between 6.3 and 7.34 mol of Li) where calcium will be dispersed and Al will assist in achieving
high density without coarsening or secondary phase formation. However outside of that range, the
secondary phases are likely to be concentrated at the grain boundaries and hinder densification
processes. Any deviations to the sintering conditions would require similar analysis to ensure

LLZO is sintered consistently.
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Figure S27. Calcium and aluminum EDS signals of all sintered LLCZN samples
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Figure S28. Example of EIS data obtained In LLCZNX-MgO with the model used to fit the data
as an inset. S28b. Example of EIS data obtained In LLCZNX-12Hr with the model used to fit
the data as an inset. S28¢. Example of EIS data obtained In LLCZNX-18Hr. S28d. Example of
EIS data obtained In LLCZNX-24Hr. Lines are the model fits and dots are the actual data.
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Sample Rbuik CPEsuik Nbulk Chouik (F) Res CPEcs Ncs Cas (F) X2
(Ohms) (Ohms)
LLI\(:;[ZgIg_S- 5265 1.1E-10 8.8E-01 1.6E-11 42825 5.49E-09 9.38E-01 3.16E-09 2.26E-05
LLl\iggO_ 3324 1.1E-10 9.1E-01 2.6E-11 22742 8.21E-09 9.10E-01 3.51E-09 2.23E-05
LLDigIO\IS_ 2691 N/A N/A N/A 6794 6.27E-09 9.66E-01 4.40E-09 2.13E-04
LLI(EAZgIélo_ 19000 3.8E-10 7.7E-01 1.0E-11 73920 1.10E-08 8.56E-01 3.33E-09 2.44E-04
LLISIZgIEI)l > 981 9.2E-10 1.0E+00 9.1E-10 4161 2.92E-09 8.00E-01 1.72E-10 1.22E-04
LLIS[ZgEZO_ 9269 4.0E-11 9.6E-01 2.2E-11 106000 2.16E-08 7.35E-01 2.41E-09 1.57E-04

Table S8. Fitting results of EIS data for samples sintered in MgO crucibles

166




Rbuik Rgs
Sample (Ohms) CPEBuik Nbpulk Caui (F) (Ohms) CPEgs Nes Cas (F) X2
LLICZZPIITS_ 60829 6.41E-12 9.62E-01 3.57E-12 78554 2.7E-11 1.0E+00 2.6E-11 4.60E-04
LLICZ%_ITO_ 11935 1.3E-11 1.1E+00 3.6E-11 10964 2.09E-09 8.28E-01 2.26E-10 2.43E-05
LLICZ%-IIIIS- 759.6 N/A N/A N/A 142 7.65E-08 8.88E-01 1.82E-08 1.65E-05
LL?ZZII{\?O_ 2836 N/A N/A N/A 7381 1.62E-11 | 1.10E+00 | 6.64E-11 1.56E-04
LL?ZZI_I;?S_ 1181 N/A N/A N/A 289.2 7.29E-11 1.21E+00 1.51E-09 2.00E-04
LL(EZZI_I;?O_ 1237 N/A N/A N/A 1669 5.22E-08 7.44E-01 2.09E-09 1.43E-04
LLICSZIE_S_ 15235 5.6E-11 9.6E-01 2.9E-11 107160 1.15SE-08 | 8.39E-01 | 3.19E-09 2.26E-04
LL1C8%IIITO- 25873 8.3E-11 9.2E-01 2.7E-11 23713 3.79E-10 | 1.07E+00 | 8.35E-10 3.24E-05
LLICE;%_II;]S- 972.7 4.4E-10 8.2E-01 1.9E-11 260.7 4.34E-07 7.65E-01 2.66E-08 1.79E-06
LL%ZII{\?O_ 1803 N/A N/A N/A 687.8 1.27E-10 | 1.08E+00 | 4.41E-10 2.58E-06
LL%ZII;IS_ 898.1 N/A N/A N/A 859.5 3.19E-08 | 8.05E-01 | 2.50E-09 6.64E-05
LL(EgZ}I;iZO- 1000 N/A N/A N/A 8994 2.31E-08 7.90E-01 2.43E-09 1.04E-04
LLZC“ZIE_S_ 42003 3.2E-10 7.7E-01 1.1E-11 184970 1.18E-08 | 7.78E-01 | 2.05E-09 2.00E-05
LLZCﬁleO_ 2681 1.8E-13 1.3E+00 1.5E-11 68000 4.40E-10 | 1.19E+00 | 2.37E-09 3.42E-05
LLZCAL%-ITS- 3835 6.3E-11 1.0E+00 8.6E-11 28620 5.83E-08 8.17E-01 1.39E-08 8.78E-05
LLSA‘ZII{\?O_ 15807 4.6E-11 9.9E-01 3.8E-11 11573 9.17E-09 | 1.03E+00 | 1.18E-08 3.34E-04
LLSA‘ZII{\?S_ 2371 N/A N/A N/A 1608 3.23E-12 | 1.28E+00 | 2.10E-10 6.57E-05
LL(ZZ“ZI_I;?O_ 1409 N/A N/A N/A 300 2.09E-09 1.00E+00 | 2.09E-09 2.47E-05

Table S9. Fitting results of EIS data for samples sintered Al>O3 crucibles
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Sample Rint (Ohms) CPEnT Nint Cint (F)
LLCZN-5-MgO 822840 1.77E-08 0.68 2.32E-09
LLCZNO0-MgO 75300 1.39E-08 0.84 3.91E-09
LLCZN5-MgO 7007500 8.41E-07 0.78 1.39E-06
LLCZN10-MgO 23909000 1.72E-08 0.96 1.67E-08
LLCZNI15-MgO 609890 4.89E-07 0.71 2.96E-07
LLCZN20-MgO 715490 1.54E-06 0.60 1.65E-06
LLCZN-5-12Hr 235160 6.40E-07 0.52 1.11E-07
LLCZNO-12Hr 1596000 1.09E-08 0.83 4.59E-09
LLCZNS5-12Hr 133390 2.49E-06 0.63 1.31E-06
LLCZN10-12Hr 1.08E+05 1.34E-06 0.85 9.53E-07
LLCZNI15-12Hr 3453 1.14E-06 1.05 1.45E-06
LLCZN20-12Hr 316100 2.88E-06 0.76 2.80E-06
LLCZN-5-18Hr 36717 6.25E-09 1.14 1.76E-08
LLCZNO-18Hr 7000000 1.10E-07 0.83 1.05E-07
LLCZNS5-18Hr 1620000 4.27E-07 0.58 3.26E-07
LLCZNI10-18Hr 248700 1.32E-06 0.35 1.73E-07
LLCZNI15-18Hr 5863 2.02E-09 0.83 2.02E-10
LLCZN20-18Hr 524740 3.90E-07 0.79 2.53E-07
LLCZN-5-24Hr 822840 1.77E-08 0.68 2.32E-09
LLCZNO-24Hr 75300 1.39E-08 0.84 3.91E-09
LLCZNS5-24Hr 7007500 8.41E-07 0.78 1.39E-06
LLCZN10-24Hr 23909000 1.72E-08 0.96 1.67E-08
LLCZNI15-24Hr 609890 4.89E-07 0.71 2.96E-07
LLCZN20-24Hr 715490 1.54E-06 0.60 1.65E-06

Table S10. Continued fitting result for the interfaces of the EIS data
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Figure S29. DRT of EIS results of samples sintered in MgO crucibles
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Figure S30. DRT of EIS results of lowest six lithium content samples sintered in Al>O; crucibles
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Figure S31. DRT of EIS results of middle six lithium content samples sintered in Al>O3
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Figure S32. DRT of EIS results of middle six lithium content samples sintered in Al,O3
crucibles. Magnified to visualize high conductivity samples.
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Sample Relaxation Frequency | Relaxation Frequency | Relaxation Frequency
p 1 (Hz) 2 (Hz) 3 (Hz)

LLCZN-5- 1.9E+06 1.18E+03 1.02E-07
MgO

. 1.8E+06 2.00E+03 1.69E-08
MgO

LLCZNS- N/A 5.33E+03 2.30E+02
MgO

LLCZN10- 8 3E+05 6.4TE+02 1.56E-02
MgO

LLCZNI5- 1.8E+05 2.17E+06 7.97E-01
MgO

LLCZN20- 7.7E+05 6.22E+02 2.60E-08
MgO

Table S11. Relaxation frequencies of EIS of samples sintered in MgO crucibles
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Relaxation Frequency

Relaxation Frequency

Relaxation Frequency

Sample 1 (Hz) 2 (Hz) 3 (Hz)

A 7.3E+05 7.79E+04 8.34E+01
12Hr

. 3.7E+05 6.43E+04 5.41E+02
12Hr

LLCZN5- N/A 6.16E+04 1.64E-02
12Hr

LLCZNI0- N/A 3.25E+05 3.99E-01
12Hr

LLCZNI5- N/A 3.64E+05 8.81E-01
12Hr

LLCZN20- N/A 4.56E+04 1.35E-01
12Hr

LLCZN-5- 3.6E+05 4.66E+02 6.07E+00
18Hr

LLCZNO- 2.3E+05 8.04E+03 2.17E+01
18Hr

LLCZN5- % SE-06 2.29E+04 9.13E-01
18Hr

LLCZN10- N/A 5.25E+05 7.10E+03
18Hr

LLCZN15- N/A 7.39E+04 3.19E+01
18Hr

LLCZN20- N/A 7.29E+03 1.80E-01
18Hr

e 3.4E+05 4.20E+02 2.46E+02
24Hr

LLCZNO- 4.0E+06 9.86E+02 2.17E-01
24Hr

LLCZN5- 4.8E+05 4.00E+02 3.01E-01
24Hr

LLCZNI10- 2.7E+05 1.17E+03 3.70E+00
24Hr

LLCZNI5- N/A 4.72E+05 1.34E+05
24Hr

LLCZN20- N/A 2.54E+05 1.20E+00
24Hr

Table S12. Relaxation frequencies of EIS of samples sintered in Al>O3 crucibles
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Figure S35. Log bulk conductivity versus lithium content at the four sintering conditions.
Diamonds are LLCZNX-12Hr, squares at LLCZNX-18Hr, circles are LLCZNX-24Hr, and
triangles are LLCZNX-MgO.
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Figure S36. Log bulk conductivity vs the measure molar lithium content of LLCZNX-YHr
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Figure S37. Bulk conductivity vs. lattice parameter for AlO3 and MgO sintered samples

179



—o—LLCZNX-12Hr —=—LLCZNX-18Hr

LLCZNX-24Hr MgO Sintered

=6.75

Design Li Content Li

_7 1 1 1 1 1 1 1
5 5.5 6 6.5 7 7.5

Measured Molar Lithium Content

Figure S38. Log grain boundary conductance versus lithium content at the four sintering
conditions. Diamonds are LLCZNX-12Hr, squares at LLCZNX-18Hr, circles are LLCZNX-
24Hr, and triangles are LLCZNX-MgO.
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Figure S39. Log grain boundary conductance vs the measure molar lithium content of
LLCZNX-YHr
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Figure S41. Log total conductivity versus lithium content at the four sintering conditions.
Diamonds are LLCZNX-12Hr, squares at LLCZNX-18Hr, circles are LLCZNX-24Hr, and
triangles are LLCZNX-MgO.
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Figure S42. Log the total conductivity vs the measure molar lithium content of LLCZNX-YHr
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Appendix B: Supplementary Information for Chapter 3

X z
Element Coordinate Coorﬁinate Coordinate | Occupation
Lil 0.375 0.000 0.250 0.940
Li2 0.096 0.692 0.570 0.300
La 0.125 0.000 0.250 0.921
Ca 0.125 0.000 0.250 0.079
Zr 0.000 0.000 0.000 0.750
Nb 0.000 0.000 0.000 0.250
O -0.032 0.540 0.150 1.000
Table S13. Refinement parameters for LLCZN
X y V/
Element | Coordinate | Coordinate | Coordinate | Occupation
Li 0.000 0.000 0.000 0.906
Co 0.000 0.000 0.500 1.000
O 0.000 0.000 0.250 1.000
Table S14. Refinement parameters for LCO
X y V/
Element | Coordinate | Coordinate | Coordinate | Occupation
La 0.000 0.000 0.250 1.000
Co 0.000 0.000 0.000 1.000
O 0.000 0.000 0.250 1.000

Table S15. Refinement parameters for LaCoO3
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Weight

Material Percent

LLCZNX 16.28%

LCO 16.28%

Polyvinyl Butryal (Sigma Aldrich) 5.72%

Benzyl Butyl Phthalte (Sigma Aldrich,

98%) 8.37%

IPA 31.60%

Acetone (Sigma Aldrich, >99.5%) 21.57%
0.18%

Fish Oil (Sigma Aldrich)

Table S16. Tape cast recipe for composite cathode for co-sintering
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Lithium Content (%) LLCZN(A) LCO-a (A) LCO-c(A)
-10 12.917 2.815 14.052
10 12.920 2.815 14.045
30 12.920 2.813 14.050
40 12.924 2.814 14.070

Table S17. Lattice parameters of the mixed LLCZNX/LCO powders with varying lithium excess
content. LLZO is fit using ICDD-PDF 00-019-8837, LCO is fit ICDD-PDF No. 01-070-2685, and

LaCoOs is fit using ICDD-PDF 00-048-01233°,

The lattice parameters of the LLCZNX and LCO phases were calculated by performing
Rietveld refinement from the XRD data. The refinement data show minor lattice expansion in the
LLCZNX phase as the lithium content increases. In contrast, when forming LaCoOs;, LCO
maintained similar lattice parameters until the secondary phase was not detected in
LLCZN40/LCO. The “a” lattice constant of LCO does not change with the increasing lithium
content, but the “c” lattice constant expands from 14.050 to 14.070 A upon reaching 40% excess

lithium in the garnet powder. Despite these changes, the species’ lattice parameters have a minor

dependence on the lithium content of the co-sintered system.
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Sample RWP X2

LLCZN-

10/LCO 2.81 1.92
LLCZN10/LCO 2.8 1.37
LLCZN30/LCO 2.96 1.45
LLCZN40/LCO 3.24 1.23

Table S18. XRD refinement results
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Figure S43. LLCZN40-LCO Fit. Blue is actual data and orange is the fitted data.
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LLCZN LaCoO; Mol of Weight of
in LCO in in LLCZN Mol of Weight of LCOin Percent of | Percent of
Product | Product | Product Mol of in LCO in LLCZN Reactants LLCZN in LCO in
(g2) (g) (g2) LaCoO; | Reactants | Reactants | Reactant(g) (g2) Reactants Reactants
0.106 0.590 0.304 1.24E-03 | 1.58E-03 | 7.27E-03 0.482 0.711 40% 60%
0.144 0.630 0.215 8.73E-04 | 1.35E-03 | 7.31E-03 0.410 0.715 36% 64%
0.185 0.581 0.235 9.55E-04 | 1.56E-03 | 6.89E-03 0.476 0.674 41% 59%
0.278 0.655 0.066 2.70E-04 | 1.18E-03 | 6.97E-03 0.360 0.682 35% 65%

Table S19. Mass balance of Reitveld Refinement results

Mass balance was performed on a 1 gram basis of the Reitveld refinement results. The

weights were then used to find the mol of each species. The total Co and La in the products should

be the same amount as what was in the reactants, LLCZN and LCO. Those mols were calculated

into the weight of each reactant species and then the percentages were calculated.
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Figure S44. Raman spectroscopy of the ball milled LLCZNX material before mixing with LCO
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Figure S45a. TGA Data for all the separate powders before co-sintering. S45b. DSC Data of all
the separate powders before heat treating them together.
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Figure S46. Cross section edge SEM (left) and BSE (right) images of pressed composite pellets
of 50/50 weight mixtures of LLCZNX/LCO, with a) x=-10, b: x=0, c¢) x=10, d) x=40.
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Figure S47. Coulombic efficiency of the cycle life data

After co-sintering LLCZNX/LCO powder at 1050°C for 4 hours, half cells with the co-
sintered powder and liquid electrolyte were constructed and then charged and discharged. A
baseline cell with LCO was also constructed and measured a capacity of 125 mAhr g,

LLCZN10/LCO and LLCZN30/LCO half-cells show faster capacity degradation (95% and
96% original capacity after 50 cycles respectively) versus LLCZN40/LCO which shows 98%
original capacity after 50 cycles. Oxide coatings on LCO have been previously used to inhibit
cobalt oxide dissolution during charging and increasing structural stability for longer cycle life®!.
LLCZN and excess lithium may be acting as a coating on the LCO particles which appears to be
inhibiting cycle life degradation when LaCoO3 is minimally formed. It is presumed co-sintering

LLCZN40 and LCO does not have a deleterious effect on electrochemical cycle life performance.

This is crucial for operation in solid state cells.
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Figure S48. Raman spectroscopy data of sintered LLCZNS5
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Figure S49. Fractured Edge SEM image of sintered LLCZN®
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Figure S50. EIS and fit data for LLCZN-10/LCO.
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Rbulk

RGB

RlInt

Sample (©Ohms) | CPUK® | G0 | CGBE) | 5y CInt (F)
LLCZN-10/LCO | 2240 | 1.53E-11 1436 4.17B-10 | 17941 4.44E-09
LLCZN10/LCO | 2254 | 2.50E-11 4198 4.17B-10 | 7965 3.83E-09
LLCZN30/LCO | 1898 | 1.48E-10 4717 241E-08 | 1301 4.06E-06
LLCZN40/LCO | 3760 | 8.22E-11 519.9 1.58E-09 | 4501 2.84E-08

Table S20. EIS fitting results
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Figure S51. DRT results of EIS data
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Relaxation Relaxation Relaxation Relaxation
Sample Frequency 1 | Frequency 2 | Frequency 3 | Frequency 4
(Hz) (Hz) (Hz) (Hz)

LLCZN-

10/LCO 4.64E+06 2.66E+05 2.00E+03 7.70E-06
LLCZNI10/LCO | 2.82E+06 9.09E+04 5.21E+03 2.41E-04
LLCZN30/LCO | 5.65E+05 1.40E+03 3.01E+01 5.97E-03
LLCZN40/LCO | 5.15E+05 1.94E+05 1.25E+03 5.78E-05

Table S21. Calculated relaxation frequencies
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Figure S52. EIS of full cell of LLCZN40/LCO
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Appendix C: Supplementary Information For Chapter 4

g *

Figure S53a. Fracured edge SEM Images of LLCZN. Figure S53b. BSE Images of LLCZN.
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Figure S54. Raman Spectra of LLCZN Pellet. Figure S54b. EIS of LLCZN pellet.

LLCZN pellets were prepared by applying Au paste to both side and then heating to 750°C for 1
hour to remove the organics. The pellet was then placed between two stainless steel plates and

ran EIS at 10 mV between 10 kHz and 0.1 Hz.
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Figure S55. Example of Rietveld refinement fit
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LMO |LM-Cl |LMC |LMFC | LMNFC

Li 8a (0,0,0) Occupancy 1 1 1 1 1
Mn 16d (0.675,0.675,0.675) 1 1 0975 | 0.950 0.925
Occupancy

Ni 16d (0.675,0.675,0.675) 0 0 0 0 0.025
Occupancy

Fe 16d (0.675,0.675,0.675) 0 0 0 0.025 0.025
Occupancy

Co 16d (0.675,0.675,0.675) 0 0 0.025 | 0.025 0.025
Occupancy

© 32¢ (0.390,0.390,0.390) 1| 0990 | 0990 | 0990 | 0.990
Occupancy

€1 32¢ (0.390,0.390,0.390) 0 | 0010 | 0010 | 0010 | 0010
Occupancy

Lattice Parameter (A) 8.189 8.215 8.203 8.206 8.196
Lattice Volume (A?) 533.76 | 554.45 | 552.05 | 552.48 | 550.28
Rwp(%) 5233 | 2980 | 3.160 | 3.370 3.290
X? 4.347 1.376 1.204 1.832 1.589

Table S22. XRD refinement parameters
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Figure S56. Raman spectroscopy of all the samples. Magnified into closer sections of the data
set. The order vs. disorder can be seen in LMO and LMCFO vs all the other samples.
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Figure S57. X-ray florescence spectra of LMNCF where the chlorine is identified as being in the
powder.
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Figure S58. Scanning electron microscope images of all the samples (left column) and back
scatter images of the samples (right column). First rows is LM, second row is LM-CL, third row
is LMC, fourth row is LMFC, and the last row is LMNFC.

The SEM images of all the samples indicates no major changes in the microstructure of

the materials meaning it is independent of the dopants used but it is dependent on the formation
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method. The method allows for high surface area material to be made and the phases to be stable

under appropriate circumstances (Cl addition, Fe addition with Ni addition).

209



0.0015

0.001

0.0005
=
£
<
£ 0k
o
5
O

-0.0005 |

-0.001

-0.0015

35 3.7 3.9 4.1 43 4.5 4.7 4.9 5.1 5.3
Voltage (V)

Figure S59. Cyclic voltammetry curve of LMNFC.

The cyclic voltammetry (CV) is shown here to elucidate the difference between actual
capacity that can be accessed at 5.25 V and the measured capacity at 4.5 V. There appears to be
about 20-30% more capacity above 4.5 V. However, there are limitations in the electrolyte that
make cycling to this voltage difficult. The overcharge seen above 5 V is largely the electrolyte
degradation with more lithium which will increase cell resistance making high rate cycling

challenging without a specific electrolyte designed.
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Figure S60. Voltage vs capacity for succeeding cycle of results
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Figure S 61. Capacity vs. cycle number for varying charge and discharge rates (~C/10 to 4C)

Figure S60 compares the rate capability of the material. The cathode loading of the material
was ~25 mg cm? of active material. Chlorine doping shows that it helps maintain the structure by
increasing the disorder of the B-site. LMNFC has the best rate capability due to the iron inclusion
and the other dopants which handle the lithium insertion and extraction without manganese
dissolution. The increasing dopants do show better rate capability as more dopants are added but
the LMFCO has lower capacity because of the nonreactive LiMn,O3 formation but still retains

capacity as well as LMCO.
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Figure S62. Voltage vs. capacity before and after LMNCF rate testing at 0.5 mA cm™

The voltage vs capacity plot before and after rate testing did not indicate any major
changes for the LMNCF material which is because the dopants enabled faster discharging and

charging because of the transition metals charge compensating when quickly charged.
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Figure S63. Differential capacity vs. voltage of LMNCEF before and after rate testing at 0.5 mA
2
cm™.

Differential capacity enables the cathode structure and cell kinetics to be examined
without taking apart the cell. The curve specifies no changes in structure or kinetics between the

before and after testing; meaning the cathode material still is intact and can cycle.
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Figure S63. Cycle at rates vs. discharge capacity of LMNCF.
The cell was unable to discharge at high rates when above 4.5 V which indicates a large
internal resistance. The cyclic voltammetry indicates cell gelling which will increase resistance

within the cell, leading to premature cell failure at high rates.
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Initial | Final
Rsoln 7.091 5.847
Ry 54.41 20.88
Cai 2.2E-05 | 0.00015
Aal 0.7798 | 0.5977
Rad 0.00049 | 121.1
Ca 1.6E-06 | 1.2E-06
Ra 2.14 2.037
Cad 0.04873 | 0.03563
Aad 0.09563 | 1
Riotal 63.6415 | 149.864
Table S23. Fitting results for EIS from Figure 32a
Initial | Final
Rsoin 7.346 6.746
R, 1.26E- | 86.2
05
Cai 8.39E- | 1.63E-04
05
Aal 6.46E- | 7.10E-01
01
Rad 151.7 44.15
Ca 2.12E- | 1.49E-06
06
Ra 2.161 2.485
Cad 2.96E- | 1.56E-02
02
Aad 1 7.89E-01
Riotal 161.207 | 139.581

Table S24. Fitting results for EIS from Figure 32b

216




Initial | Final
Rson 8.198 4.782
R, 85.66 116.5
Ca 1.31E- | 1.32E-04
04
Aal 7.22E- | 5.57E-01
01
Rad 37.5 35.54
Ca 1.67E- | 2.08E-04
06
Ra 2.693 54.46
Cad 1.59E- | 9.93E-03
02
Aad 7.25E- | 6.66E-01
01
Riotal 134.051 | 211.282
Table S25. Fitting Results for EIS from Figure 66a
Initial Final
Rsom | 6.077 6.826
Ry 124.000 | 23.560
Cal 6.68E-05 | 4.65E-04
Aal 0.623 0.601
Rad 53.370 282.000
Ca 1.73E-04 | 2.50E-06
Ra 46.220 1.888
Cad 0.012 0.004
Aad 0.835 1.000
Riotal | 229.667 | 314.274

Table S26. Fitting Results for EIS from Figure 66b
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Figure S65. Example of fit of the EIS data
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Figure S66a. Voltage vs. capacity for LMNCF between 5 and 2V at60.2 mA cm (~C/10 for 120
mAh g!) with EIS measurements every hour for a second time. S66b. Voltage vs. capacity for
LMNCEF between 5.25 and 2V at 0.2 mA cm™ with EIS measurements every hour for a second
time.
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