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Abstract

SC

The garnet-type phase LisLa;Zr,O12 (LLZO) attracts significant attention as an oxide solid electrolyte

to enable safe andfobust solid-state batteries (SSBs) with potentially high energy density. However,

Ul

while sign rogress has been made in demonstrating compatibility with Li metal, integrating

LLZO intofcomposite cathodes remains a challenge. The current perspective focuses on the critical

N

issues that e addressed to achieve the ultimate goal of an all-solid-state LLZO-based battery

that delive durability, and pack-level performance characteristics that are unobtainable with

d

state-of-the n batteries. This perspective complements existing reviews of solid/solid interfaces
with m

SSB and the v

on understanding numerous homo- and heteroionic interfaces in a pure oxide-based

s phenomena that accompany the evolution of the chemical, electrochemical,

structu

ogical, and mechanical properties of those interfaces during processing and

M

operation. Finally, the insights gained from a comprehensive literature survey of LLZO-cathode

interfaces 4 used to guide efforts for the development of LLZO-based SSBs.

[

O
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1. Intro

(+

There is cons le interest in the development of solid-state batteries (SSBs), which use solid

) to supplant liquid electrolytes (LE). The motivation for this is the expectation of
improved cell properties in terms of energy density, operating temperature range, stability and safety —

depending on the specific type of SSB. Currently, several SSB cell concepts are under consideration,
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distinguished by the type of SE: oxides, sulfides, halides, and polymers; each with relative advantages

and disadvantages that impact their commercial viability.

The gamagzrzou (LLZO) oxide is unique among this subset of SEs due to its: 1) relatively
high ionicy up to 2 mS/cm at 25°C, which can be tuned by doping elements;! 2)
processabi 8) high shear modulus compared to lithium to physically stabilize the anode
interfac® AR de clectrochemical stability window extending from the low potential of lithium
metal to p i igher than any current commercial cathode. As a ceramic oxide, LLZO provides
unprecede s even at high operating temperatures, and can enhance safety in combination with
other SEsu

developme and robust SSBs with potentially high energy density, provided it can be combined
with lithium

densities o 400 Wh/kg and > 1000 Wh/L for garnet-based SSBs.!*) However, practically
achieved 63

estimate o al energy density for practical LLZO-based cell concepts.

The lithiungnode has been intensely studied in recent years and significant progress has been

made in under: ing the stability of LLZO/Li anode interfaces and lithium stripping/plating behavior.

ique combination of properties makes LLZO an attractive candidate for the

nodes and high energy cathodes. Some previous reports have estimated theoretical

sities fall short of these values, and there is still an ongoing debate about a realistic

The state of“reS@8tch is summarized and analyzed in numerous reviews.’) Owing to these efforts,

Li/LLZ ¢ half cells capable of operating at 10 mA/cm? at room temperature with no applied
pressures ha demonstrated by the Wachsman!¥ and Sakamoto®® groups. These high current
densiti ed at a cycling capacity of 0.16 mAh/cm? with a planar interface'™ and in extended

3D interface architectures more commercially relevant capacities of 1.25 mAh/cm?, with in fact over 5

mAh/cm? Wted at 2.5 mA/cm”.* As such, the SSB cathode is becoming the next frontier.

SSB cath Li-ion battery cathodes, are commonly a “composite cathode” due to its

threedimenst® design consisting of a random solid-state distribution of cathode active material

(CAMmome cases also with a carbon additive).!®! However, while significant progress has
posite cathodes using sulfide SEs, LLZO-based composite cathodes still lack

sufﬁcierH)ce and processing technology. One of the major reasons for the disparity in

been

progress ¢ ibuted to the ease in composite cathode manufacturing using sulfides (essentially

compactio igcd powders) compared to sintering LLZO and CAM in a composite cathode 3D

structure. In e cathode composite of oxide-based SSBs, its various interfaces and the charge
transpo ies are the major remaining challenges to enable high performance LLZO-based SSBs.
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Due to the polycrystalline nature of LLZO-based SSBs, they typically contain more interfaces than
conventional liquid-based batteries or SSBs with soft and glassy SEs (such as polymers and sulfides).
In general, ghe totalinternal resistance of a battery is defined by: 1) the total electronic/ ionic resistance
of the cathodg; ¢ homo-ionic interface resistance between the grains of the active cathode and anode
materials; @ ero-ionic interface resistance between the SE and the CAM and SE and anode active
materiala (AAMIi respectively; and 4) the resistance of the SE. In contrast to a continuity of LE
resistance tfiroughout the cell structure, for polycrystalline SEs, such as LLZO, it is largely determined
by the homo-1onic interface resistance, e.g., grain boundaries (GBs), formed during densification. The
unique roldfof GBslin the ion transport distinguishes oxide-type SEs from soft and glassy (polymer and
sulfide) SEs. ther important differences arise from the rigid nature of all interfaces in oxide SSBs

and the negd f0r densification at high temperatures (typically > 1000 °C) to chemically bond the

particles a rm them into dense polycrystalline microstructures.
Figure 1 prom overview of the numerous homo- and hetero-ionic interfaces in an oxide SSB and
of the ph that accompany the evolution of the chemical, electrochemical, structural,
morpholog mechanical properties of the interfaces during processing and operation.
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tew of homo- and hetero-ionic interfaces in an oxide SSB and the phenomena that
evolution of chemical, electrochemical, structural, morphological, and mechanical

properties of the THferfaces during processing and operation. White circles symbolize the pores.
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Given the key role of cathode composites in the advancement of LLZO-based SSBs, the current
perspect discuss the critical issues that need to be addressed to achieve the ultimate goal of
an all-solibased battery that delivers high energy density at practical charge/discharge
rate witho g i@n. As analyzed in benchmarking studies, competitive SSB cells should be able
to achid¥e EHFFERtensities up to 10 mA-cm™, which, together with energy efficiency requirements,
leads to a cell resistance of less than 30 Q-cm”!”! How this translates into material and
structural rduircMents for a high-performance LLZO-based cathode composite is the main focus of
this perspeur perspective complements existing reviews of solid/solid interfaces, with more
emphasis omanding interfacial phenomena. We do not address the phenomena related to Li"/H"

[6m]

exchange i » which is discussed in a recent comprehensive review.

We summarize thacurrent state of knowledge in the field of cathode composites with oxide SEs and
use the knowledge gained to calculate realistic theoretical energy density values to guide future oxide-
based SSB{@levelopment. Both experimental and theoretical advances are addressed, and prospects for
linking these two complementary sets of tools are identified. Since good interface kinetics is key to fast

charge andidis

nge steps, we focus on the mechanism of charge transfer across interfaces in LLZO-

cathode half*cel¥8¥%and on degradation processes during processing and operation. To identify critical
bottlen ¢ draw a comparison with other SEs and also consider hybrid cathode composites
containing a action of liquid, gel or polymer electrolytes.

Our review is organized into seven topical sections that address solid electrolyte GBs in Section 2, the
formation g SE/CAM interfaces during processing in Section 3, the behavior of SE/CAM interfaces

during ope attery cells in Section 4, the comparison with the other types of SEs in Section 5,

and the app

@ influencing poor interface kinetics through the formation of hybrid composites with

non-solid c0 ents in Section 6. The insights gained from the literature on the interfacial properties

are theﬂ calculation of SSB energy density and rate capability and a detailed analysis of the
prospe idesbased SSBs in Section 7.
2. Inter trolyte Interfaces
SE transp rties, across the dense separator layer and in any SE extending into the electrode
structures e cell resistance and ultimate performance. Therefore, to minimize the SE network
resistance, necessary to understand the correlation between processing, microstructure, ion

conduction, mechanical properties, and cell performance. Traditional solid-state synthesis of LLZO
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solid electrolytes consist of two steps:[®! powder synthesis by calcination and then densification by high
temperature (> 1000 °C) sintering, which also chemically bonds particles resulting in a polycrystalline
microstruc're. "pically, the goal is to achieve relative densities > 95%. Understanding the

underpinning hanisms that control the evolution of oxide electrolyte particles into dense

ostructures is necessary to develop viable LLZO-based components.

Electron & ion microscopy and diffraction Current-voltage response,

Vibrational, X-ray, and neutron impedance spectroscopy

spectroscopy, NMR
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Figure 2: Internal interfaces cross-cutting relationships between experimental and theoretical
techniquessross multiple length scales. From top left, clockwise: Diffraction techniques to analyze
atomic positions;”’ transmission electron microscopy of LLZO grain boundary triple points;!®!
pedance spectroscopy of LLZO with lithium indium and lithium cobalt oxide

LLZO/eledffode interfaces.!'¥l

To understmlicrostructural evolution, ideally in situ analyses should be used to characterize the

evolution i®les into grains and GBs in polycrystalline microstructures. /n situ analyses are

however excepii@fdlly challenging to conduct and as a result data are limited. As an alternative to in
ere have been numerous ex sifu analyses that use a broad range of characterization

approaches and Is to extrapolate and understand how variables such as densification time,
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temperature, and pressure affect relative density, GBs and other microstructural features. In addition to
processing parameters, the chemical composition such as lithium content and cubic garnet-stabilizing
dopants ca’ affect 'rain morphology, stability, mechanical and transport properties. Therefore, the role
of lithium lgsssedopant type and concentration on the microstructural evolution are discussed. These
=
in grain& and in Boorly understood GBs. Figure 2 provides experimental and theoretical insights into
the phenor!na that occur at the atomistic, microstructural and macroscale.

2

2.1 Grain b ries in garnet phases and evolution during processing
2.1.1. Effegts of processing on grain boundary structure and composition

experiment ovide guidance for theoretical studies to better understand lithium-ion conductivity

Although g to achieve due to the complex structure of LLZO and its sensitivity to air and
electron be itu observations of individual GBs have been accomplished. Through TEM, EELS,
EDX, EB -ray Laue diffraction, these few studies have suggested some of the general
properties, s, and morphologies of GBs in LLZO. Wolfenstine et al.!' and, more recently, Liu

wever, Kumazaki et al.'' and Basappa et al.'” observed that LLZO GBs contain

et al.l'0 :mat LLZO has a thin GB (~1.5 nm) without evidence of amorphous or secondary
0

d are wider than the previous two studies. Hints for secondary phases are also found

r dynamics (MD) and Monte Carlo (MC) simulations.[" Li and O co-segregation
re observed, which indicates potential formation of new lithium-rich secondary phases at
the GBs. The formation of secondary phases and the difference is likely due to variations in sintering
and densifigation parameters, such as pressure, doping, and particle coating, as discussed in more detail
below. Thh use of TEM, it has been observed that samples densified without applied pressure

have seco

es (e.g., ternary Li-Al-O phases) in the GBs, while those sintered under pressure

often do not'ié ! The presence of secondary phases seems to be independent of the fact that the

densiﬁ@mure was above the lithia-alumina eutectic.l'® " However, due to the small number
of studi

absent ﬁ“s of LLZO processed under pressure due to the shorter required densification time
for pressurm) methods (less than one hour for rapid induction hot pressing (RIHP) and spark

d, further work is necessary to verify this conclusion. Secondary phases may be

plasma sintgs S)IPN. With increasing densification time at the temperatures used for sintering,

the so called “li loss” (due to sublimation of lithia or reactions with the substrate or setter material)

increase o does the evolution of secondary phases. Another contribution to the formation of

secondary phaseS*€ould be the effect of relative density, as porosity and secondary phases tend to
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accumulate around GBs. As such, it is expected that samples densified without pressure, and/or with a
lower relative density, may be more likely in some cases to form secondary phases at the GBs than
those procised ua'er pressure. However, while pressure can enhance densification, current pressurized

sintering techaiguies are batch processes and therefore not as scalable as pressure-less densification.

Therefore, sycained through pressurized densification should ideally be translated to advance

pressure-less sintering.
H I

2.1.2. Ex smomputational analysis of grain boundary orientation

Using elecffon badkscatter diffraction (EBSD) and X-ray Laue diffraction, Cheng et al.*” (pressure-
less densific and Sharafi et al.®" (pressure-assisted densification) showed that LLZO consists of
random G orfentation distributions and similar misorientation angle averages (~39°). Random
misorientation inpressure-assisted sintering was also confirmed in TEM by Liu et al.!'” These findings
suggest that while Pressure can play a role in GB morphology and structure, the misorientation angle is
independe ssure and perhaps temperature. However, it is also possible that the crystal structure
affects misﬁatjon, e.g., misorientation angles may be less affected in a cubic crystal system such as

in LLZO ¢ to less symmetric crystal systems.

Recent theudies have provided additional insights into GB structures and orientations that can

inform and guide the experimental investigations. While direct modeling of sintering and processing

behavior 1 roach, it has generally not been pursued to build models of GBs in LLZO. Instead,

ulations have focused on identifying possible GB structures as well as analyzing the
s on transport properties. Atomistic modeling of LLZO GBs has generally focused on
highly ordiid structures. For example, Yu and Siegel investigated coherent symmetric tilt, low-energy

GBs of L classical MD and MC simulations.!'® Using a similar computational approach,

Shiiba et a yed additional GB configurations using MD. Even for these narrow, well-defined
GB types, rs found that the atomic arrangements within the GBs can differ drastically from
the crystalld s with certain orientations, e.g., Y 3(100)x(2-12), closely resembling a locally
amorph@ent. Lithium-deficient regions were generally observed at the GBs, which could

be respW the lower lithium-ion conductivities. In addition to these well-defined GB
orientation t al'® recently adopted a different approach by representing the atomic
rearrangement in thie interior of generic high-angle GBs with a range of disordered structures generated

from MD simulati@ns using a melt-and-quench technique. The authors also tested different densities

keeping LaOs and ZrOs polyhedra intact while reorienting and disordering their lattice arrangements.

This article is protected by copyright. All rights reserved.
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The different local arrangements also gave rise to a broad distribution of local transport behavior, thus
suggesting a connection between local atomic structural environments and lithium-ion mobility.
Alongside Fis co’)utational analysis, it is suggested that further TEM and EBSD analyses could be

used to validateathese models and provide a broader view of the range of possible local atomic
arrangeme w GBs.

Additioffal KA charge layers (SCLs) might play a role in the transport across the GBs. Continuum
models formaterials have been transferred to Li-ion conducting solid electrolytes!* to correlate
material pr@Pertic@with SCL thickness, capacity and resistance.!*** 24! However, the effect of the GB
orientationwcomplex dependence on local atomic structural environments in the SCL on the

lithium mojg#ti >l and resulting effective GB conductivity has not been considered in the models.

Owing to t ex nature of grain boundaries, it will also be important to integrate the influence of
processing conditigh in the analysis, in particular with respect to Li>O vapor pressure during calcination

and densification.

2.1.3. Mic ral evolution

In order t lithium dendrite penetration, enable thin film fabrication, and develop viable

af

composite Cath , it is important to understand how processing affects microstructural features.
Specifi ious important aspects of the LLZO microstructure can be categorized as: 1) grain

size; 2) LLZ ume fraction; 3) percolation factor; 4) constriction factor; and 5) geometric

M

tortuosi

Ex situ obggrvation have been widely adopted by experimentalists to investigate the grain/grain-

I

boundary cture of LLZO, which include SEM fractography and particle size analysis,
geometric easurements, XRD, and EDX.[1%20- 28] Computational techniques have also been
adopted to the above-mentioned effective properties and compare with experiments, 221301
which cﬂy divided into the following categories:

1. mage basged reconstruction of the LLZO microstructure, which uses X-ray computed

{

tomograph¥, or focused ion beam scanning electron microscopy (FIB-SEM). [26¢: 271311

2. Ra@ition of spheres representing cathode and SE domains %
3 Di ement-based methodologies 3!

4. P d based techniques 34!

5 rlo based computational schemes 3!
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All these computational techniques led to reconstruction of micron sized LLZO (or cathode/LLZO)

microstructures,'*”) which were used to estimate the ionic and electronic transport limitations at the

electrode sﬁle.[m"’]

Microstruc @ ures form during densification, so a fundamental understanding of densification

mechanis pcessing/microstructure relationship is necessary to maximize performance and
enable Maf¥FACHIIng. While there are many different processing parameters that can affect the
microstruc he GBs, the focus in this section is on pressure, temperature, time, and particle size.
Since it is mfu LLZO formulation affects densification behavior, there is a separate discussion
on the effec

effects are med; thus, future works that aim to decouple the varying effects of the processing

parameters Wil pg@Ve useful in increasing the understanding in the aspects that affect internal interfaces.

ical formula in Section 2.1.4. It is also important to note that all of these processing

While pressure-1 densification is successful in ceramic processing, it often comes with
microstructural challenges for LLZO. These include incomplete sintering/densification, GBs that are

weak resulfing in intergranular fracture, lithium loss and secondary phase formation, all of which are

detrimental to conductivity.['® 2% 284. 361 Pressure-assisted densification methods, such as RIHP, SPS,

harafi et al.,*" pressure-assisted densification often produces samples with smaller
eir shorter processing time, and therefore increased GB area - a feature that is in

some cases believed to affect lithium dendrite growth.”) Besides the effect of pressure, the type of
pressure—asmahods applied is also a variable. ! 28]

resulting miei@s#tcture. If the temperature is low and the heating time is short, lithium loss is

minimizedﬂsiﬁcaﬁon can be incomplete. If the temperature is high and heating time is long,

densifi i es, grain boundary resistance can decrease, but lithium loss resulting in impurities
b b
can be SM& 28¢, 28]

The particle size al§o plays a role in determining the microstructure. Generally, smaller particles sinter

Temperatu, e are two other major factors in processing that can have significant effects on the

and densify at lower temperatures compared to larger particles.['* 2% 28] Dyring sintering the smaller

particle

ow to larger grains, due to their increased curvature. Therefore, smaller particles
potentially r both a decrease in lithium loss and a reduction of GB area. However, it is important

to note that all these studies observed conventional sintering. In pressure-assisted methods, smaller

This article is protected by copyright. All rights reserved.
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starting particles lead to smaller grains, e.g., comparison between works by Sakamoto er al.*® and by
Wolfenstine et al.!'! This difference could be due to the pressure that leads to near immediate
densiﬁcati* com’red to conventional sintering or to the decreased sintering/densification times used

in pressure-assisted methods compared to conventional sintering. This shows that sintering and

In ordef®to"BEHE™hderstand the influence of mass transport mechanisms on the evolution of LLZO

densificatid sing parameters are intricately connected.

particle mi ure observed at elevated temperatures, multiple phase field based computational
models weg@devel@ped, where the sintering was assumed to consist of interparticle boundary formation,
neck grow

advective mport due to rigid body motion were taken into account. Wood et al.** concluded
1 a

that smal

nternal pore shrinkage.!® 3! Not only diffusion induced flow of matter, but also

les tend to densify quickly, which was well corroborated by experimental

observations. e size distribution also influences the extent of densification, where bimodal size
distributio ning small sized particles and large size ratios between the larger and smaller
particles, 1 er elimination of internal porosity.!® Similar conclusions were drawn in another
recent pha eramic sintering study that also incorporated an experimentally informed particle

kinetics, s

size distribagi The authors also investigated the influence of interface properties on sintering
e a faster densification kinetics for larger surface energies and larger diffusivities for

surface sion, and a slower densification kinetics for larger GB energy. Although the study

used genera ameters, such sensitivity analysis may guide the selection of dopants for reducing

sinterin erature of LLZO.

It has also been computationally observed that adoption of graded particle morphology, with large
particles aMter and smaller ones near the periphery, can help to better densify the LLZO

samples.® sc in grain size during the densification process depends substantially on the initial

However, s ic-LLZO particles can experience substantial grain growth, which can be easily

powder pa es. For relatively larger micron sized particles, no major grain growth occurs.*!

captured usiing the existing phase field-based computational methodologies.!®!

While ﬂH process directly determines the microstructure of the electrolyte, the calcination
process in the microstructure by determining the initial morphology of LLZO particles.
Therefore, i igation on the calcination process would be beneficial for understanding the

microstructur ution of the sintered body. Detailed computational modeling of the reaction-

cur during calcination has not been attempted yet. Comparison with the experimental

results reveals t e activation energy during calcination is smaller than the activation energy barrier

This article is protected by copyright. All rights reserved.
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observed during densification, which alludes to the faster mass transport observed during the reaction-

sintering (or calcination) process.!®!

2.14. CMects

The cubic @ 3d space group can accommodate a broad range of elemental compositions and

interstit'ﬁl wpancies, many providing fast Li-ion conductivity. Some of the most common
compositios differ from LLZO by substituting the zirconium or 16¢ Wycoff position with tantalum!*?!
or niobium,: : substituting interstitial lithium with aluminum™ or gallium.[*! Typically, the

substitutiofion thell 6¢ site does not lead to large grains compared to formulas consisting of lithium

substitutions, asgs the case with aluminum and gallium. Owing to the high bond energy of metal oxides,
doping witwnd Nb2Os may not form melt phases at typical densification temperatures (< 1250

°C), while Ga,03 may react with Li-ions to form liquid phases during sintering. The presence
of the melt phase @uring densification may be the cause for abnormal grain growth as liquid phase

44b

sintering is enabled. For example, Jin ef al.[***! observed that in aluminum-doped LLZO, a liquid phase

fills and cogorms to the pores within a network of grains. Moreover, dilatometry measurements showed
that accelerated densification occurred at 1055 °C, which is similar to the eutectic temperature of lithia-

alumina. Imgested that the aluminum dopant reacted with oxygen and lithia to make a liquid
was expell

phase that ed or present at GBs. Building upon this notion, Cheng et al.[*®! analyzed aluminum

segrega s using a variety of analytical techniques. It was suggested that the aluminum present
at GBs duri fication accelerated grain growth to the extent that relatively large grains formed.
Similar s observed in the gallium-doped LLZO system. Li ef al."* and Su et al.[* studied

abnormal grain growth in gallium-doped LLZO and determined that > 100 um grains formed regularly

during sintSHi imilar to aluminum-doped LLZO, it was proposed by Shinawi et al.**! that lithia
reacts with gailli form a molten phase that enhances grain growth kinetics.

Another erally observed phenomenon that substantially limits the conductivity of sintered
LLZO is um loss due to evaporation of lithia from the surface at higher temperature with the
formatiﬂating lanthanum-zirconate phase.[*’! Usually, the pellets or tapes being sintered are
coveredHLZO or Li,COs3 powder to avoid the lithium loss from the surface. In an attempt to

mitigate th of lithium loss and avoid the use of valuable material as mother powder, dopants

have also to stabilize the structure and compensate for lithium loss during sintering,!**¢ 4! but

with limited s . Not only does lithium loss change the chemical composition, but volatile lithium
compo inly Li,O vapor) also have an influence on the LLZO sintering mechanism: a vapor-

This article is protected by copyright. All rights reserved.
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liquid-solid sintering mechanism was proposed, where Li,O gas condenses to liquids on the surfaces of

LLZO grains to promote the solid material transport.!*)

3. Solid llecfrolyte/CAM Interface during processing

Due to thei , sintering is generally required to establish intimate contact between the garnet-
type SIS #W@m@MMs.5) Therefore, understanding the chemical stability and thermo-mechanical

compatibil en these materials at elevated temperatures is essential.

3.1 Diffusi@n and phase formation during sintering

CF

The therm stability of combinations of LLZO and various CAM phases has been studied both
theoretical in@ DFT calculations?®® and experimentally (Table 1). Generally, the theoretical
predictions stability trend of the CAM towards LLZO are consistent with experimental
observatio example, the driving force for LLZO reacting with LiCoO, (LCO) and
LiNi;sMn; (NMC) is calculated to be 1-2 meV/atom at 0K, much lower than those for reactions
with LiFe ) (94 meV/atom) and LiMn,O4 (LMO) (63 meV/atom),’¢*! indicating that the

371 Ren et al. used surface sensitive techniques such as Raman spectroscopy and

interfaces @ @ with LMO and LFP CAMs are less stable than with LCO and NMC. In a notable
experiment@l s

XPS to reactions between Ta-doped LLZO and LCO or NMC when the powder mixture

was co-sinte bove 700 °C. In contrast, LMO and garnet decompose completely when co-sintered

above 5 orming various ternary La and Li metal oxides (La;..MnQO3, La,Zr,O7, Li-Mn»03), and
LFP and LLZO decompose when co-sintered above 500 °C also forming various products (iron oxides,
LisPOs, Lagdr,O7). Miara et al.®*Y performed DFT calculations on Ta-doped LLZO and high-voltage

spinel cathi as LixNiMn3;Os (LNMO), LiFeMn3;Os (LFMO), and LiCoMnO4 (LCMO) and

found mixes between 25-60 meV/atom at 800 °C, suggesting reactions are favorable at high
¢ ge

temperatur results corroborated their experimental observations that garnet/spinel powder
mixtureﬂed even at 600°C, with formation of such products as LiCoO», LiFeO, and NiO in
LCMO LNMO, respectively. The formation of LCO as a stable product is consistent with

previou“her suggesting that LCO is more stable for a co-sintered CAM than spinels when
used with ith regard to the reactions initiated by Li loss, elevated temperatures above 1000
°C have beﬁ

LaxZr,07 and

to induce Li loss in LLZO,® leading to the formation of resistive phases such as

@3. These decomposition products were also computationally predicted to form when
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Table 1. Summary of experimental investigations on the thermal stability of garnet-type SEs and

cathode active materials.

This article is protected by copyright. All rights reserved.

Cathode active et composition | Interface Onset Reaction| Detection Reaction Products | Ref.
material Formation Temperature method (secondary phases)
Method
LiCoO; La;Tay01 Powder mixing Stable up to 900{ XRD Not detected 159
°C
LiNiO, 400-600 °C La,LiTaOs, Lay0Os,
s Tazos, Li1.xNi02.5
LiMn204 LazLiTaOg,
LazLiTaOg,
PLD cathode thin| 700 °C [t] TEM/EDS/NBD  |La;CoOQ, (601
film on garnet
pellet
LiCoO, LasZry 75Nbg 2501, | PLD cathode thin| Stable at 600 °C| SEM/EDS Not detected 143al
film on garnet| [t] mapping
pellet
LiCoO, Sputtered cathode| Stable at 500 °C| XRD, Raman Not detected 11l
thin film on garnet| [t]
pellet
La32r1_75Tao 25012 Powder mixing 600-700 °C XRD, Optical L30003 1571
microscopy,
Raman, XPS LaCo1xMn,O3
(x<0.4)
LiMn204 400-500 °C XRD Lio_ggMn1_7BO4,
LizMﬂOa, LaxZn_sz_
2, La1xMn O35,
La22r207
LIFePO4 Li3PO4, La22r207, Fe,
LayZr1xOz.x2
LiCoO, oped LizLasZr,01, | Powder mixing or| 700 °C [1] XRD, ToF-SIMS,|Tetragonal 162)
cathode powder TEM/EDS LizLazZr,01z,
on garnet pellet mapping, interdiffusion of Al,
electrochemical |Co, La and Zr
(de)lithiation
LiCoO, Alg 25L.asZr,0q Powder mixing Stable up to 800| XRD, Not detected 163
°C electrochemical
(de)lithiation
500-600 °C Li,MnO;3, LayZr,0y,
LaMno_503
LiFePO, 300-400 °C LizPOs, LayZr,0y, Fe,
LaP03
14




LiCoO, Al-doped Sputtered cathode| <300 °C XRD, SEM, XRR,|LaCoQs;, LayZr,07,| ©4
thin film on garnet TEM, XPS, SIMS, |Li,CO3
LizLasZr,012 pellet EDS, HAXPES,
XAS, EIS
Sputtered cathode| 500 °C XANES, EXAFS,|La(Ni,Co)0,, 165]
thin film on garnet XRD, EIS LayZr,0y, Li,CO3
pellet
Sputtered cathode| Stable up to 700| XAS, XRD, EIS  |Not detected 1661
thin film on garnet| °C in oxygen
pellet
sLasZri75Tao 25012 | Powder mixing by| 500-600 °C XRD La,Zr,07 156e]
ball milling
LaZZr207, LaNi03
LiNio6C0o2M a3Zry 4Taos012 Powder mixing 700-750 °C In situ HT-XRD  |LaNigpsMnos03 167]
LiCoO, L16.25Gag 25L.asZr.012 Sputtered garnet-| 700 °C XRD La,Zr,0y7 e8]
cathode thin film
stack
LizLaz75Cao025Zr175Tao2 | Sputter  cathode| 800 °C XRD, ToF-SIMS  |Tetragonal 169
thin film on garnet LizLasZraO12
pellet
Li,CoMn304 Powder mixing 400-600 °C XRD LiLaNb,O-, 17l
LiLa;NbOs
LizFGMﬂaOg
LizNiMn3 a3Zr1_6Tao_4O12 Powder mixing 400-600 °C XRD, TG/DTA Li2MﬂO3, LaZngO7, [56d]
LaMnOs3;, NiO
r1
LizFeMn303 Li2MﬂO3, LaZngO7,
LaMnOs,  LiFesOs,
LiFeO,
LiCoMnO4 LizMﬂOa, La22r207,
LiCOOz
LiCoMnO, isLa;Ta,01, Powder mixing 600-650 °C XRD Li,MnO3 171

+ The only ure used in the study
* Only the roducts after annealing at 800 °C are shown here. The reaction products after
anneali °C are secondary garnet phases and Li,MnOQs for all three cathode active materials.

ok XRDHLio.5Coo,5O4 for the reaction between LiCoO; and the tetragonal LizLa3;Zr,O1; in a

powder mijealed at 600 °C.

To dat as been indicated as the most thermally stable CAM to co-sinter with cubic LLZO.
Generally, insic reaction between LCO and cubic LLZO relies on the cross diffusion of Co into

LLZO and La/Zr into LCO (e.g., Figure 3a). Though this reaction can be visually distinguished by the
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color change of the garnet, i.e., from white to blue or green (Figure 3b),57 ¢

it is superficial and
sluggish/self-limiting within the temperature range associated with co-sintering of LCO and LLZO. The
reaction caI onlx gidentiﬁed by surface/interface-sensitive characterization techniques such as Raman
spectroscopygaiad XPS,” TEM-EDSI®! and TOF-SIMS!®? after treatment at lower temperatures, e.g.,
700 °C. Etering at 900 °C for 10 h®7 or 1050 °C for 2 h,?! no impurity phases were
detected- by XRD. Wakasugi et al./®®! found that XRD showed no change in the lattice parameter for
both LCO @nd Al-LLZO after the powder mixture was annealed up to 800 °C (Figure 3c), and the

electrochemical performance of LCO showed no essential difference compared to non-annealed LCO
in an orga@lyte, suggesting no change of the bulk structure of the materials.

However, meneral trend of the chemical compatibility between LCO and LLZO is outlined
i

above, rep on the specific reaction products and the reaction onset temperature (Table 1). For
example, P 62 observed that the major resistive phase formed by annealing powder mixtures of
LCO and LLZO at 700 °C was the tetragonal LLZO phase, which was created by diffusion

of the Al d Al-LLZO into LCO (Figure 3d). Zhang er al.’%! detected significant amounts of
LayZr,0 am: by XRD in the powder mixture of LCO and Ta-LLZO after sintering at 600 °C.
Using Al- Z0 and LCO thin films, Vardar ef al.!** found interdiffusion of Co and La and
structural m the interface started at temperatures as low as 300 °C, forming LaCoO3, LaxZr,0;

and Li, =C as identified by synchrotron XRD and XAS (Figure 3e). Computational models

have helpe idate the nature of the LLZO/LCO interface, where previous studies have mostly
structing interface models based on specific orientations of the solids, notably the low-

[73] reported a DFT evaluation of the electronic and

energy surfaces. For example, Jand and Kaghazchi
atomic strgeture of the cubic-LLZO/LCO interface based on the LLZO(001) and LCO(10-14)
orientation&. concluded that Li ion accumulation at these interfaces is energetically favorable,

and that lay @ al compressive strain associated with lattice mismatch between the electrolyte and

cathode led nstruction of the LLZO surface. These models indicate the cross diffusion of Co into
LLZO L;andEo LCO. To the contrary, DFT calculations of the LCO(104)/LLZO(001) interface
by Ok showed that all cation exchanges between LCO and LLZO were endothermic,

indicati ynamically stable interface.

S
<
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Figure 3. ( sectional TEM image of an LLZO/LCO thin film interface and the EDS line profile
obtained fr gion indicated by the red arrow in the direction A—B. The broken red lines indicate
the reactiofl layer at the LLZO/LCO interface.l®”? (b) Optical micrographs and photos (inset) of
LLZTO(1) powder mixture pellets annealed at different temperatures.*”) (¢) Variation of the
lattice cons 1-LLZO and LCO in the powder mixtures after annealing at different temperatures,
plotted bas data in Table 1 of the reference [®¥). (d) TOF-SIMS-enabled three-dimensional Al

elemental mappiftg of the 700 °C annealed LCO/LLZO interface that is shown in the SEM image.[%*! (¢)
[lustra crystal structures in the vicinity of the LCO/LLZO interface (left) and the
corresponding -edge X-ray absorption spectroscopy data (partial fluorescence yield mode) for
LLZO, 60 nm thick LCO film on LLZO in the as-deposited state and after annealing at 300 °C
and 50 mad

L

hemmmvestigations are needed to clarify the reasons behind these various discrepancies,
differences i le compositions and processing conditions. In the study by Park et al.,'®” the
formation ‘ tetragonal LLZO phase was caused by the loss of the cubic-phase-stabilizing element,

aluminum,i side ﬁaction that was essentially independent to the intrinsic reaction between LCO and

gained by analyzing the literature experimental results and identification of subtle

LLZO. Putfing aside this side reaction, the elemental interdiffusion between LCO and LLZO was still

minor as confirme@by TOF-SIMS, a result consistent with the general trend summarized above. In the

studies by et al."%) and Vardar et al.,'*¥ the lower onset temperature for the reaction between
LCO an compared to 700 °C reported by Ren et al.®” and other researchers suggested a higher
reactivity. at the powder mixture in Zhang’s work was prepared by vigorous ball milling, which

may have changed the surface structure of the LCO and LLZO particles and consequently caused the
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higher reactivity. Ball-milling has recently been reported to be detrimental to the layered structure of
NMC442.I Moreover, the reduced particle size and increased contact area between LCO and LLZO
after ball a’lling ’uld also amplify the reaction by generating more superficial reaction products. In

64]

Vardar’s wo the as-deposited LCO at room temperature showed low crystallinity in TEM/SAED

analyses, Wi guld also exhibit higher reactivity with LLZO similar to the LCO particles with
mechani-callz damaged surfaces. Park et al.'”] demonstrated that in situ synthesis of LCO via the solid-

of Li,CO; and cobalt acetate on the LLZO surface could more easily degrade the

et al."” investigated the interaction between LCO and in situ formed Ta-LLZO using sputtering or
water-base rogmulsion mediated synthesis. Their results generally suggest that a higher apparent
reactivity b CO and LLZO is due to premature lithium loss during LLZO formation, either via
evaporation or diffision into the substrate. In either case, the resulting lithium loss would change the
stoichiometry of the reactants, driving the reaction to form other competing phases such as La>Zr,O
and LaCo(®. Sputtering species or chemical precursors are also known to have higher kinetic energy
or reactivity. These species and precursors enable the formation of targeted phases at lower temperature,

but may al e affected by the thermodynamic stabilities of competing phases and instead form

resistive phdses' interesting to note that Li,COs, a form of Li loss from the bulk phase, was observed

to form LZO interface prior the high temperature treatment in the studies by Park et al.,!®?

LS Vardar et al.[** Consequently, La,Zr,O7 and LaCoOs were detected as the main

Zhang et al
reactio these studies. The results obtained in these studies corroborate the work by

Uhlenbruck et al. and show that the higher reactivity between LCO and LLZO is directly related to the

higher inte&ial energy.

Indeed, if e energy of the precursors for synthesizing the LCO/LLZO interface is reduced,
less reactio occur. Wakayama and Kawail’® successfully synthesized an LCO/LLZO composite
with nmostructure using a self-assembled block copolymer structure as a template. The
composi content of 90% and above exhibited no impurities in XRD and HR-TEM/EDS,

indicati“ons between the LCO and LLZO precursors condensed in different polymer blocks
were supp e SSBs with composite cathode containing 90% LCO and PEO-based electrolyte
operated a S(exhibited clear cathodic and anodic peaks in cyclic voltammograms and a near

theoretical disch@e capacity of 134 mAh/g in the first cycle at 0.05 C with a 99% Coulombic

efficienl "ﬂ 0 cycles.’% Ren and Wachsman!®! demonstrated that a thin alumina interlayer can
effectively prevcifiteaction between the sputtered LCO film and LLZO garnet. The alumina interlayer

was believed to have reduced the interfacial energy as indicated by the change of the film growth
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mechanism upon interlayer insertion from interfacial energy dominated to volume strain energy

dominated.

Given '[]MS concerns over the use of cobalt, NMCs can drastically reduce cobalt use and

facilitate hdensities than LCO, hence demonstrating its chemical compatibility with LLZO

is of more imerest. Yet this topic is poorly studied and is usually associated with comparison

with L@ BESES6ESE 65) A5 3 layered structure analogous to LCO, NMC generally exhibits a similar

reaction m isil when interfacing with LLZO, except that the reaction product between NMC and
LLZO coul@be n, C0)03,°" LaNiO;,1*! or La(Ni, C0)Os.%! DFT calculations of the NMC(10-
10)/LLZO gitcrface by Zhang er al.’*! with a considerable lattice mismatch of ~8.3% revealed

that the Nij in LiOs) exchange near the interface were favorable, while the Mn/Co-La/Li
exchange imss likely. However, the specific compound has yet to be directly confirmed because
of the limi solid/solid interface analysis (Table 1). Besides the unexplained reaction products,
there are m

discrepancamhaving similar causes to the reported discrepancies in reactivity between LCO and

rences in reactivity between NMC and LLZO in the published reports, with
LLZO. In here is also disagreement in the same reports as to whether NMC or LCO has higher
reactivity wa . For example, studies by Ren et al.’” and Zhang et al.***! on powder mixtures of

NMCI111 70 suggested a slightly lower NMC stability than LCO. Conversely, the study by

Yildiz’ -situ formed NMC622 thin films on Al-LLZO found a distinctly higher NMC
stability tha ased on the reaction onset temperature.[**%! Clearly, more experimental work is
needed 1date the discrepancy. A more recent study by Yildiz’s group!® on the NMC622/Al-

LLZO system found that the annealing atmosphere could be a factor affecting the thermal stability
between NSC622 and Al-LLZO, with O; being most favorable for achieving high stability, followed

by N», whi d H,O should be avoided. Besides the effect of the fabrication approach used to

create the g @ electrolyte interface, another potential focus could be the effects of composition,
i.e., ratio of 1 on metals (TMs) in NMC and dopant in LLZO, on interface reactivity. Additionally,
mismatch i fficients of thermal expansion (CTE) between the cathode and electrolyte materials
will in strain during co-sintering, which may also play a role in the reactivity.[”*]

The disawan the reaction products and the onset temperature between different studies suggest
that the practical st@bility between CAMs and LLZO SEs depends on the specific processing conditions
and thus canno accurately predicted solely by thermodynamic calculations; kinetics studies are
therefor ary. Current computational models do not typically incorporate the interdiffusion of
ions and of the passivation layer between cathode and LLZO at high temperatures. During

co-sintering, to capture the necking, void removal and densification of the cathode composites, detailed
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phase field based models are needed that take into account the bulk, grain-boundary and surface
diffusion.”” Different diffusion coefficients are needed to understand homogeneous and heterogeneous
reactiong a"nterfﬁ':s, which should also depend on the interface energy between the CAM and LLZO.
GB mobilityaust also be modeled to capture grain growth phenomena, which is influenced by the
presence ohases.[m The relative location of the cathode and LLZO particles and their size
distribution_can_influence contact at the CAM/SE interface.** 7! Simulation of the interdiffusion

process at dlevated temperatures also requires prediction of the ionic mobility as a function of the Gibbs

free energy 0 mixture, defined as a combination of the ideal and non-ideal interactions between the

CAM and

3.2 Mecha, ility during sintering and cooling

As mentio i ction 3.1, the high temperature co-sintering process will lead to interfacial strains
due to the CTE m@8match of the CAM and LLZO particles.®!) More specifically, the CTE mismatch

leads to differential volume change and subsequent evolution of interfacial stress. During the heating
ramp of thgo-sintering process, the developed interfacial stresses dissipate because of the viscoplastic
deformation and annealing that occur at high temperature. Thermomechanical equilibrium can be

expected a@f the high temperature co-sintering step just prior to the cooling process. However,

upon cooling int@¥facial stresses can arise.®? These thermal stresses either remain as residual stresses
in the ¢ e cathode or dissipate through the formation of interfacial cracks when the strain energy
exceeds the threshold of the interface. Such cracks at the interface between the CAM and LLZO

can lea ion in electrochemically active surface area and increased interfacial resistance.

Hence, adoption of CAMs that demonstrate CTE similar to LLZO can help minimize stress generation

during the Wrocess.m]
Prediction s in composite LLZO cathodes requires accurate estimation of CTEs for both CAM
. o,

and LLZO utational modeling, there exist methodologies to estimate the CTE of bulk materials
using Dﬂomisﬁc simulation techniques.*” The CTE for LCO type CAMs, as predicted by
atomistiensi imhs, demonstrate a strong dependence on the temperature of operation as well as the

amount Ht within the layered CAM phase.®! However, such low length scale approaches
have not y opted for estimating the CTE for LLZO SEs. Typically, the CTE is measured at
the atomic g XRD as a function of temperature and dilatometry, which measures macroscale

deformation perature. The two techniques are complementary, especially when measuring

al symmetries. A few studies using XRDP¥ have determined the CTE of LLZO to be

approximately [.5% 10~ K'!. Similarly, there have been reports that include the CTE of active materials
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such as LCO, NMC and LMNO.®! 8" There is some disagreement between CTEs estimated through
XRD and dilatometry, which could be associated with anisotropy, especially for LCO and NMC. In
general, th’ CTEs'f LCO and NMC are 1.25 x 10° K! and 1.3 x 107 K, respectively.[8!-82 86b. 87a]
Acknowledgiagathat LCO and NMC are anisotropic and the CTEs measured through dilatometry are

“effective’ ereisa~ 0.2 x 10° K! difference compared to LLZO.

Owing 18 (A& cly high elastic modulus of the above-mentioned materials (~ 150 — 185 GPa),

combined i relatively high processing temperature (> 1000°C),**! relatively large thermal

mismatch gffesseSqupon cooling after densification are expected. Yu et al.®? analyzed the effect of

thermal mm‘

NMC-LLzmsites using continuum level simulations and calculated that stresses approaching 1
e

GPa were

tress during the cooling process on the mechanical stresses of LCO-LLZO and

d. Appropriate CAM and SE particle sizes were considered for the accurate
estimation al interfacial stresses during the cooling process. It is known that the fracture

strength of] approximately 100 — 150 MPa,!® thus fracture of LLZO composite electrodes is

possible ducooling.
If GBs can be engineered to enable viscoelastic/viscoplastic flow, fracture could be avoided. This

approach iwith efforts to engineer microstructures to mitigate stresses associated with the

expansion afid Cefitraction of active particles during cycling. There is clear motivation to engineer
electro rolyte interfaces to maintain stress below the material fracture stresses during processing
and cycling. er, systematic multiscale studies for estimating the CTE, level of interfacial stress

generationy extent of fracture evolution must be studied to allow numerical optimization of

cathode microstructures that will maximize cell performance.

Another m% that can lead to interfacial stresses during the sintering process is the molar volume
mismatch e pristine CAM/LLZO interface and the interface formed by the interdiffusion of
ions, which Been sparsely studied so far.*”! It has been thoroughly argued that during the high
temperaturﬂg process, interdiffusion occurs between cathode and LLZO, which can lead to the
formati ious reaction products. % The molar volumes of the pristine CAM and LLZO SEs are
generallwfrom the molar volumes of the reaction products.””! For example, La,Os and
LaxZr07 o rough the decomposition of LLZO occupy a much smaller volume than the parent
material. Tmz‘tch in molar volume can lead to the formation of interfacial stresses.** Dissipation

of some of th sses is possible at higher temperatures due to the enhanced viscoplastic deformation

rocesses. However, their actual influence on the interfacial stability will depend not

h in molar volume, but also on the CTE of the reaction products as compared to the
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parent electrode and electrolyte materials, as all these phases experience thermal contraction during

cooling.

33 MitMrfacial Challenges during Processing

Given the mical instabilities of LLZO with commercial CAMs, methods are needed that

enable Wtwhe grains without the formation of resistive decomposition products and possible
ion due to a mismatch in CTE of LLZO and CAMs. One such method is the use of a

e (sintering aid) with reasonable Li-ion conductivity to lower the temperature to create
ces. Sintering aids melt at high temperature and form a protective interphase
and LLZO, which blocks interdiffusion and improves interparticle contact. Sintering

aids report@d f0r this purpose include Li;BO; and LiBO; that can effectively melt below 700 °C,Pl

Li,SiO; thﬁ:’t situ synthesized by a low temperature liquid phase process,®” and Li;PO; that

can be in situ syihesized by calcination at 750 °C.°¥) This method has shown some success in

improving the active material utilization and rate capability of garnet SSBs with LCO and NMC as the

91-94

only examflles of CAMs investigated so far,*'4 however, the performance required for commercial

1

cells is still not attained. Han et /.1 utilized the native formation of Li»COj; on the surface of LLZO

and LCO with O3 to create a more conformal coating of Liz3.<Co.71xB03-xO3 (LCBO). Rather than

d

causing sintcting®etween LCO and LLZO, the LCBO melt densified the mixed cathode without direct
contact en LCO and LLZO, preventing secondary phase formation. This method produced 20 pm
thick cathod; sites with an areal capacity of 0.1 mAh/cm? (or 106 mAh/g in specific capacity) at

M

100 °C. W8ince the measured ionic conductivity of LCBO in this study was still low, i.e., ~10
3 S/em at 100°C,?! further increasing the cathode thickness did not increase the cell capacity due to

cathode kifgtic limitations. Interestingly, the capacity fade depended strongly on the operating

3

temperature approx. 50% drop in capacity after 40 cycles for cells operated at 100 °C compared

to merely 1§ gp in capacity after 100 cycles for a cell operated at 25 °C. This suggests a strong

electrochemg- nical effect and will be discussed in Section 4.

N

An altemmati d used to reduce the interfacial resistivity is the incorporation of an interface layer

into the

{

terface, as will be discussed in Section 7.2.

In parallel, the slu@gish reaction kinetics in LCO-LLZO mixtures, especially when using phase pure,

U

crystalline materials, enabled the production of cathode composites consisting only of LLZO and LCO,

of sintering additives. First reported by Finsterbusch and Danner et al. in 2018, a
relatively s in sintering step at 1050°C lead to relatively porous cathodes with approx. 80% of

the theoretical value, but showed an exceptionally high areal capacity of 0.84 mAh/cm? in the first
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discharge cycle.!'"? Even though the utilization was around 81% or 110 mAh/g, the cell also required an
operating temperature of 100 °C, which was most likely due to resistive secondary phases at the LCO-
LLZO intesface, agithe applied 3D continuum model ruled out the ionic conductivity of the LLZO as
origin of the lesaroom temperature performance. Later, the ASR of the LLZO-LCO interface could be
reduced furing the materials, especially the phase purity and crystallinity of the used LLZO.
The resu-ltinﬁ cell showed twice the areal capacity (1.62 mAh/cm?) at 50°C, while the utilization stayed

at approxirfiately 80% (113 mAh/g).®¥) Unfortunately, both cell types suffered from a high cycling

degradation E out 50-60% after 50 cycles. Similar to mechanical stresses from the sintering described

above, med ailure due to the chemo-mechanical stresses during cycling were identified as origin

of this rather large degradation (see Section 4.2).
To obtain mce free of secondary phases, advanced sintering methods were explored to achieve

densificati 700°C without the need of additives. Using mechanical pressure and fast Joule
heating, th sisted sintering technique” (FAST/SPS) was able to produce LCO-LLZO cathode
composite s cathode composite/LLZO separator half cells with up to 95% theoretical density
after only i ell time at 650 °C to 700 °C in Ar.[""?®) Due to the sluggish reactions described
above, the processing time with heating rates up to 100 K/min resulted in interfaces that were
virtually fri ndary phases, as verified via TEM. However, the cells still showed a rather high
interfac i between LCO and LLZO, stemming from amorphization of the particle surface
during pow aration or the interfaces during processing. A second, short annealing in air
improv stallinity and thus the ASR, enabling a rather high areal capacity of up to 1.2 mAh/cm?

(75 mAh/g) at an operating temperature of 80 °C.

However, M\gh clean interfaces in an almost fully dense mixed LLZO-LCO cathode composite
were achievgdmmia FAST/SPS, the areal capacity could not be increased above 2 mAh/cm? due to the
limitation ifaposeddby the Li-ion pathways in the 3D structured electrode (see Section 4.3). Even more
surprisinglyifnse cathode composite still showed a fast degradation of cell performance, often
losing up %@ 10% capacity per cycle. Since cracking of the cathode, as observed for free sintered
cathodes qth 80‘V'density, was ruled out as cause for the degradation, the results provided the first

evidence of'an electrochemical degradation of the LCO-LLZO interface due to cell operation and will

be discussed in Sedtion 4 in detail.

There does nQigg

of the pas

8t any continuum level model that captures the interdiffusion of ions and formation

on layers between CAM and LLZO at higher voltages. Research activities on LEs

attempted to predi®t the formation of the resistive cathode electrolyte interphase (CEI) layer using cell
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97 which can also be adapted for SEs with appropriate modifications.

level continuum models,!
Experimental research, supported by atomistic calculations,*®® *! have implemented interfacial
protective l@yers, either in the form of sintering aids®> ! or externally applied coatings,!®®) that can help
to minimize thegnterdiffusion of ions between CAM and LLZO. However, mechanical degradation is
still expec even with the presently available coating layers, which can eventually be
minimiz-ed bx better design of the CAM/LLZO interphase material.

4. Solid &lyte/CAM Interfaces during operation

Dependingupe of interface, current across it can lead to kinetically-driven solid-state reactions
and degradafio dding to thermodynamically driven reactions described in the previous sections.
These elem

phases difmmples can be found in the literature.'®) In the following sections, we consider

different t iiiterfaces and discuss their behavior during operation, i.e. during current load.

cal reactions are spontaneous, once the transport properties of the neighboring

4.1. Lithi transfer across the LLZO/CAM interface

The interfagialglsimetics of the LLZO/CAM interface is poorly understood and in general the properties
of chemica

cturally defined interfaces are unknown due to the lack of suitable model systems.

Moreov, hermal stability of the components during the required high temperature treatment

and instabilt rds high energy ion and electron beams prevent the analysis of ideal interfaces. For

exampl arge transfer resistance for LCO/LLZO interfaces is experimentally observed to be in
the range of 1 — 5 kQ.cm?. This value strongly depends on the synthesis process and very likely includes

contributioms of processing-induced secondary phases and their interfaces as described in Section 3,

implying t istance of a chemically and structurally well-defined LCO/LLZO interface can be
signiﬁcantClearly, the lack of experimental information requires greater systematic studies of
oxide SE/C2 erfaces.

Few theor&al studies on LLZO/CAM interfaces address the effect of SCLs on the Li-ion conductivity,

similar to the LLZ@/LLZO homo-interfaces described in Section 2.1.5. De Klerk e al.!"! calculated

the interface resistances due to SCLs for different SEs on electrodes including LLZO on LCO, and

found that Eface resistances are negligible assuming no kinetic term at the interface and no
m

electron accumulatjon in the cathode. Furthermore, they found that a Coulombic interaction term may
signiﬁc¢he SCL.
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Theoretical calculations imply that the formation of SCLs can be accompanied by the evolution of
mechanical stress at the LLZO/CAM interface, which can be attributed to the following aspects: 1)
SCLs consigt of calcentration gradients, and depending on their partial molar volume can significantly
modify the atemaic volume; 2) due to the relatively high elastic modulus of LLZO, small variations in
atomic voldn ead to the generation of stresses in the range of hundreds MPa; 3) as the SCLs are
not elect-ricallz neutral, the resulting strong electric field can lead to the evolution of a Lorentz force
within the $CLs, which acts on the electrodes and electrolytes; and 4) these electric field-induced forces

can also lead to stresses in the range of GPa. A more detailed discussion of the mechanical effects is
provided in@4.2.2.

In contras N electrolyte, where the cycling performance and interface evolution are well
understood; ew data exist for LLZO/CAM interfaces. The high cycling stability of the
LiPON/CAmace is, however, encouraging and is one reason for the high expectations concerning

the stabili solid-solid interfaces in SSBs. Specifically, thin-film batteries with LiPON

electrolyte or LNMO as single-phase cathode have demonstrated extremely high cycle life of
up to 10,0 at 100 % depth of discharge (DOD) with only 10% capacity loss,!'* far exceeding
the cyclin ance of classical organic LE-based Li-ion batteries, albeit with low areal loading
and capaci

Asdisc n Section 3, the low thermodynamic stability of LLZO/CAM interfaces during processing
has been an i major concern for the development of LLZO-based all-solid-state batteries. Three
major ¢ high LLZO/CAM interface resistances can be discerned: 1) the direct reaction of

the two materials, forming resistive or even ion blocking secondary phases during processing; 2) the

loss of cryWand formation of interfacial regions with lower ionic conductivity, e.g. tetragonal
LLZO due ggmdiffusion of Al into LCO; and 3) artificially introduced secondary phases with low
conductivit @ ntering aids to lower the processing temperature (LCBO) or unsuitable powder
preparation ir exposure prior to sintering). But even for well-defined, impurity-free LCO and
LLZO intdgfaces, severe degradation was observed during cycling, demonstrating the need to
investigate'llle staility of the interfaces during operation.

4.2 Electr$l stability of the solid electrolyte/CAM interface

In general, while cycling layered oxide CAM particles in a rigid LLZO matrix, the experimentally

83, 103

observe y fade can be divided into two sub-domains:! 1'1) the first charge/discharge cycle

shows a la city fade in combination with a low Coulombic efficiency and 2) the subsequent

cycles show a capacity fade at a slower, but substantial rate, while the Coulombic efficiency is rather
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high. For example, Tsai et al. reported the loss of most of the initial capacity (1.8 mAh cm? to
0.4 mAh cm?) within 100 cycles at 50 pA cm? for the LCO/LLZO electrodes fabricated via screen
printing anI conv’tional sintering of respective crystalline powders.!®*) Much higher initial capacities
and higher CAM loadings have been obtained for mixed cathodes fabricated via tape casting with
optimized @ ibution (gradient cathode composites) showing initial discharge capacities of 2.75
mAh/cm?, which drop to 1.3 mAh/cm? after only 10 cycles (see Figure 7d).[1% Although the residual
' I
capacity V?@ after cycling the cathode tapes is still higher than that of the screen printed cathodes, the

capacity fading oth cases is still unacceptably high and most likely due to the loss of mechanical

integrity, which willl be described in Section 4.2.2. In contrast, cathode composites produced by the

novel FAST/ ethod showed high density and no sign of mechanical degradation, excluding this
failure mecha but also exhibited rather large capacity losses within the first 5 cycles, dropping
from 1.2 2 to 0.8 mAh/cm? (Figure 4a).l'%!

Although e spectrum of SE/CAM cathode degradation mechanisms during operation does not

exist, the dgn processes can be divided into two major categories:
1. Electrochemical degradation: oxidation of the SE, CAM or both at higher voltages
accompanigd b interdiffusion of metal ions;!1%!

2. MecHamtéal degradation associated with CAM shrinkage/expansion during the

delithia 1ation steps. #3107

The maj of reports indicate that the rapid capacity fade during the first charge/discharge step can
be attributed to the electrochemical oxidation of the interface (often attributed to the oxidation of LLZO
by the CAMds at higher voltages©¢® 13]) whereas the slower subsequent decay is due to fatigue failure
of the CA%

discussion @ processes is presented in Sections 4.2.1 and 4.2.2.

terface and loss of electrochemically active surface area. Thus, more detailed

Auth
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Figure 4. a) Galvanostatic charge/discharge curves (first 60 cycles) of an all inorganic cell made via
FAST/SPSffeaturing a LCO+LLZO cathode composite|LLZO separator and Li metal anode, and TEM

images wit ofiles of the LCO/LLZO interface before cycling (b) and after cycling (c) showing
the interfacig dation.!'!l d) Pseudo-binary phase diagram of the possible decomposition products
of LLZO f@F v! s degrees of lithiation in LCO (state of charge).!'!! ¢) Volume change as function of

ode active materials;!'"7! f) calculated stresses for the expected volume expansion
of LCOpi composite based on LLZO, taking the anisotropic expansion into account./'%!

4.2.1 Electrochemical degradation

Among thWes that can occur at the LLZO/CAM interface during operation, the following

reactions arg isioned: the electrochemical decomposition of individual LLZO or CAM phases

@

decompositi

beyond the jon potential; the oxidation of LLZO by the CAM; simultaneous electrochemical

LZO and CAM at higher voltages, or chemical reactions between the LLZO and

CAM. Eacllof these processes can be accompanied by an interdiffusion of ions at the interface.

Initially“ thought to be stable up to 6 V., 1! which was mostly deduced from CV tests with
blocking e In actual cells featuring LLZO as electrolyte, possible electrochemical degradation
was typica igd under the chemical degradation, i.e., the secondary phase formation at the interface

sulting in large interface resistances. However, similar to the calculation of

discussed abg
stability between LLZO and CAMs at different temperatures described in Section 3.1,
the electrochemicdl stability of LLZO/CAM can be estimated in the same way. Ceder et al.[3% 119

reported the computational thermodynamic stability of the electrolyte/cathode interphase under an
27
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applied potential and suggested that, for LLZO, the LLZO/LCO interface is the most stable, showing
only a small driving force for decomposition in the charged state.’*) Okuno et al.P®" reported a
comparative analygis using DFT of the characteristics of sulfide SE (Li3PS4) and oxide SE (Li3PO4 and
LisLasZrO)dmterfaces with a typical oxide CAM (LCO). They considered the Li-vacancy formation
associated @ i chemical potential and the cation exchange related to the reaction layer formation.
They fognd that — compared to the case of sulfide SE interfaces — the oxide SE interfaces have fewer

Li sites wiflf lower vacancy formation energy and are stable against the mutual cation exchange with

the oxide catho hese results indicate that the oxide SEs show less dynamical Li-ion depletion upon

initial charging andless formation of a reaction layer compared to those of sulfide SEs. In all cases, the
calculated stability was much lower than the one observed experimentally using blocking electrodes,
typically im 3.8 V range.3% 3%l Such atomistic simulations allude to the oxidation of LLZO
and propensi
above 4.0 Vbl T

ormation of an interphase layer between LCO and LLZO at operating potentials

is is partially attributed to the de-lithiation of the LLZO by the highly de-lithiated
CAM particles at higher voltages.

The first e imental proof was given by the Wagemaker group, using LLZO-C composites and

showing a idative decomposition at 3.5 V vs. Li"/Li.""l Their studies verified that the
decomposifion ay determining the electrochemical stability window is mediated by a de-lithiated

state of instead of a direct path to the decomposition products. Interestingly, this implies that

intermediate ts can contribute to the capacity of LLZO based SSBs, which might explain the

ersible losses in the first cycle.

The first proof of electrochemical degradation in an LLZO/LCO composite cathode was provided by

1

Thrig et al. Sl ed by a highly dense cathode with secondary phase free interfaces after FAST/SPS
processing. AMithgut the contribution of high impedance secondary phases and the high structural

stability p mechanical failure, it was possible to clearly investigate the electrochemically

induced de ion. Two main factors were identified: cation diffusion between LCO and LLZO,
especially af high states of charge, and a loss of crystallinity for LLZO close to the interface. While Al
diffused ingp LCOgCo was diffusing into LLZO, both aiding in the amorphization of LLZO. As the

th

U

ionic conductivity of LLZO is especially sensitive to changes in the crystal structure, this ultimately led

to highly resistive Wterfacial layers and thus degradation of the cell performance (Figure 4a-d).['!]

Presently, co level modeling cannot capture the formation of the passivation layers during

voltages. It would involve transfer of electrons and Li* ions and could possibly be

simulated using niques reported by Newman and coworkers for capturing the evolution of solid
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1121 A smaller magnitude of lithium

electrolyte interphase (SEI) and metal oxide films on anode surfaces.!
ionic conductivity through these interphase layers, and subsequent potential drop during operation, is
the largestFottle’ck associated with the formation of these cathode electrolyte interphases.® 8
Application gfgpeotective interphase layers in between the CAM and LLZO is an effective pathway for

minimizing

@ diffusion of ions during both high temperature co-sintering as well as high voltage

cycling.E"a’ >, °

4.2.2 Meclhegradation

Mechanicalldegradation is a key issue in ceramic solid-state batteries. The CAM changes volume as

function of state=of-charge, and this can cause high local stress.[!”- 1131 Since the fracture strength of
garnet oxiﬁw)o MPa, the stress that evolves within the cathode composite during operation due
to the volu es of the CAM can eventually lead to mechanical failure of various interfaces. The
resulting cracks call hinder the transport of Li ions in the bulk of LLZO by detaching one grain from
the other, or reduce the electrochemically active surface area by delaminating the electrode from the

LLZO elecfiolyte.

During cham%ge operation of an oxide composite cathode there exists the possibility of fracture

evolution a ferent interfaces:!® 14 1) along or through the grain boundaries of LLZO; 2) along
or thro il boundaries within the CAM; and 3) at the LLZO/CAM hetero-interface.

The fracture w grain boundaries of LLZO during the growth of Li dendrites on the anodes side has
been br d in Section 2. Experimental studies reveal that rupture of LLZO pellets along the

21.88] Continuum and phase

GB region is possible under tensile stresses in the range of hundreds of MPa.
field basedwtional modeling reveals that nucleation of lithium at the junction of GBs (or triple
points) can g ufficient Poiseuille pressure, to cause fracture along the LLZO GBs.* ' Similar
computatio @ ysis has also revealed that increasing the elastic modulus of LLZO GBs, through
some type o gineering techniques, can effectively help to minimize fracture within LLZO.!!¢!

Generaﬁition/delithiation induced mechanical stress and subsequent evolution of cracks
within OHCAM particles (LCO, NMC, LMO, NCA) have been studied in detail using both
experimen omputational techniques.!!'* "7l The fracture strength of layered oxide CAM
particles rmnd hundreds of MPa, which is similar in magnitude to that of the LLZO,!"® i.¢.,

both the LL

oxide CAM exhibit typical ceramic mechanical behavior. FIB-SEM revealed that

cracks ithin the GBs of the CAM particles during operation, which becomes more prominent

119

for larger second@y particles.[''”) Computational modeling reveals that along with the depth of
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charge/discharge, the rate also influences the extent of mechanical degradation within the CAM
particles.!''”- 12! The impact of mechanical degradation on the increase in impedance and decay in
cyclable capacity off the CAM particles is captured by mathematical models.!'?%! Note that most of these
studies assumgghbattery operation with LEs, so far only one of them compared operation in LEs with
SEs (thoug @ Ifide SE).!"?!) There always exists a chance of inflow of liquid electrolytes through
the surface connected cracks to the interior of the cathode; this positively affects the cell performance
I
by increasifig the electrochemically active surface area, but has a negative influence on the cell lifetime

through the 1on of detrimental surface layers.!''*! Due to the non-conformability of the SEs, they

the cracks on the surface of the CAM particles, and the mechanical degradation
within the cathode negatively affects the internal diffusion of ions as well as leads to isolation of
particles, wiith Sibs€quent capacity fade.!'?”) An appropriate computational model needs to be developed
that takes i nt the ionic and electronic transport through these SE/CAM composites and study
the influence of mg@hanical degradation within the cathode particles on the overall capacity fade. There
is yet no experimental study that incorporates percolation theory and its influence on mechanical
However, there are a growing number of detailed studies on ionic and electronic transport

cathodes with sulfide SEs.!'?3]

degradatio

in SSB composite

The third mechanical degradation observed within the CAM/LLZO composites are the

formati gation of interfacial cracks between the CAM and SE.[* 1% Stresses evolve at the

interface be yered oxide CAM particles and LLZO due to the mismatch in CTEs during cooling

after th emperature co-sintering step,’*?! or due to the shrinkage/expansion of the CAM during
lithiation/delithiation.'® Due to the larger elastic modulus of LLZO and layered oxide CAM
particles,®7&8%8] tensile stresses in the range of hundreds of MPa to a few GPa can be generated at the
CAM/LLzh

on the fracness at the location in the cathode. Due to the difficulties associated with measuring

ce.108: 124 Whether such stresses lead to the evolution of interface cracks depends

the mechan operties of the CAM/LLZO interface, no experimental technique has successfully
estimated t ¢ strength between the CAM and SE particles. Techniques such as nano-indentation
can perﬂe the mechanical properties of GBs.['?*) By modeling the CAM/solid-electrolyte
interfac#esive zone methodology, continuum level analysis revealed that LLZO should
delaminate e CAM particles if the active materials shrink by more than 7.5% during
operation.!'2¢ degradation was shown for LLZO/LCO based cells and unambiguously pinpointed

the increase i stemming from the electrodes, with the mixed cathode being the most likely

origin.! edicted by Koerver ef al. (Figure 4¢),l'"77 micro-cracks appeared in the mixed
LLZO/LCO ca as both trans-granular cracks in LCO and LLZO particles, especially close to

macropores, and as cracks between LCO and LLZO particles.
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Such micro-cracks can occur when the strain and stress induced by the volume change of LCO during
cycling exceeds the threshold value. In addition, 3D microstructure resolved modeling for the above
mentionedIiLZO/ '( "0 system was recently published by Miicke et al.'® It was found that LLZO is
subjected to sigmificant tensile stresses, which may lead to microcracking and ionic isolation of regions
of the mix igure 4f). For LCO, the compressive stresses are similar to the flexural strength.
Dependi-ng on the cell design and preferred crystallographic orientation, the stresses can also be reduced
to values lcger than the flexural strength of the cathode components. This again demonstrates the need
a

for advance 1cation techniques, as discussed in Section 3.3, that can achieve high density mixed

cathodes essing the formation of secondary phase. Furthermore, it has also been argued that

electrochemical reaction between the CAM and SEs at higher potentials can lead to the formation of
new speciel atflhe @AM/SE interface (see 4.2.1).5% The resulting mismatch in molar volume between

these new d the pre-existing combination of CAM and SEs can lead to stress generation at the

CAM/SE interfacefand can result in further mechanical degradation and interfacial delamination, which
has already been demonstrated both computationally and experimentally for LCO and LiPON SEs.!®!
Loss of co!tact between CAM and SE leads to a decrease in electrochemically active surface area,

which can substantially increase the charge transfer resistance and cause voltage and capacity fade.!*

Computati@nal eling of the interfacial delamination between the CAM and LLZO during

eals that the capacity fade cause by mechanical detachment persists for ten cycles

[127

without sho uration.!"?” Theoretical analysis also revealed that LLZO with smaller grains, softer

., sulfides), or better interfacial adhesion between the CAM and SE may help to

1271 Thus, softer electrolytes

minimize interfacial de-bonding or fracture and subsequent capacity fade.!
may be ablgyto accommodate a greater change in the cathode volume to reduce interfacial delamination

(see Sectioff'5y. 7l

5 Contr@w soft and glassy solid electrolytes
5.1 Grain gundaries

Within woft and glassy SEs such as sulfides (thiophosphates) or salt-in-polymer electrolytes
are distingui m oxide-type SEs based on their electrochemical and mechanical properties./® The
most cons idl advantage of soft and glassy SEs is that powders can be densified at room

temperature or 100 °C to form a low resistance pellets, sheets or films. This enables the use of

ting and calendaring techniques used for Li ion batteries.!'?® Scalable tape casting and
calendaring proce8ses have also been successfully applied to oxides such as LLZO,* %! but this

requires an additional sintering step at high temperature (>500°C) for grain-to-grain ion transfer to
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occur. The second difference between soft and glassy SEs and oxide SE is that unlike sintered oxides,
sulfide and polymer SEs show only one frequency dependent transport process (in a Nyquist plot), even
at low tem*raturg]n contrast to oxides, grain and GB contributions cannot be clearly distinguished in
impedance measarement. It is commonly assumed that there is no significant GB resistance contribution
in thiopho @ dr polymer solid electrolytes as shown for -LizPSs with pulsed field gradient

NMR.[13% In contrast to this assumption, in a recent combined theoretical-experimental study of f-
I I

Li3PS,4 in vhich the microstructure (porosity, particle size and shape) was varied, a large contribution
of the graiﬁy resistance to the overall resistance was found.['3!]

The mecha perties (quasi-malleability) of sulfides at ambient temperature likely eliminate the
GB resista; een particles. Additionally, there appears to be little evidence that crystalline
domains ha @hificant resistance contribution for charge transfer across GBs.!'*?! Recently, Wang
et al'®] i\ﬁd the influence of thiophosphate-type electrolyte crystallinity on the solid-state
battery per .

in the catEobtained with crystalline SEs. Higher electronic conductivity and higher elastic

Notably, it was found that larger volume changes and more severe decomposition

moduli of lline SEs may explain this difference.
For salt-in-gol @ electrolytes, conduction predominantly occurs via segmental motion of the polymer

chains throug amorphous phase.!'3¥ Therefore, rather than reducing GB resistance as in oxides, the

prepara olymer electrolytes focuses on minimizing the presence of crystalline domains, which
have much | ic conductivity.

5.2 Solid electrolyte/CAM Interface

In contrasts the Ereviously discussed LLZO/LLZO and LLZO/CAM interfaces in oxide based SSBs,
this subsectigg

SEs, being

marizes the two main degradation phenomena during operation for soft and glassy

ological degradation and chemical reactions leading to interfacial degradation.

Regardin rphological degradation, sulfides (thiophosphates) and polymers generally
are soﬂve a lower fracture toughness than their oxide counterparts.!'] As an
overview lists the mechanical properties of a subset of commonly used SSB materials.
Comparin ’s, bulk and shear moduli of LisPSsCl and LLZO:Al, this evident disparity
enables th er assembly of three-dimensional composite cathodes with soft SEs, which
drasticallyggifi€Tcases the predicted energy and power density in comparison to planar
continuo de designs. Composite cathodes are generally easier to manufacture using
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thiophosphates and is demonstrated using different types of thiophosphate SE via cold-

pressing,[19% 123135 whereas for oxides a high temperature step is needed.!'> 1%

Table Mechanical properties as well as ionic conductivity of selected battery

materials.s 2
Material modulus  Bulk modulus K / Shear modulus  Conductivity Ref.

ﬁ ‘ GPa GPa S/GPa Oion / S cm””

NCM11 78 132 - 181]

LLZO:Al 163 65 112 ~10* [136]

LigPSsCI 8 28 ~107? (1371
7

LiPON 31 51 ~10% (18]

However,

contact logs 1¢adifle to high impedances. While this can be compensated with a LE,"*) contact
loss can induced by volume changes of CAM during (de)intercalation of lithium in

the operation, composite electrodes can exhibit morphological changes, e.g.,

combination witl) SEs. Figure 5a depicts SEM images of a cycled cathode consisting of -
Li3PS4 and 11 in which contact loss between the materials is evident.

Koerver efjg/. link this phenomenon to an irreversible resistance increase in the first cycle,!!%*]

lowering the.Coulombic efficiency to 70.5 %. An approach to overcome this issue, in the case

of thioph@s % plectrolytes, is to use substantial pressure (> 10 MPa) during operation or by
tuning ode composition to avoid deleterious volume changes."'’”) However, both
solutions ar: idered to be impractical for large-scale applications. Furthermore, phase
transiti s, like the formation of rock-salt and spinel-structures, can also lead to
stress-induced cracking of electrode materials.!'*”) While this may not be an issue for traditional
LIBs, crac&ng in SSBs leads to diminished electrode kinetics.['>!% Since there are few cycling
studies using
@ pxide cathodes. This is subject of ongoing research.
With resp chemical reactions leading to interfacial degradation, oxide SEs are often
reporteﬁe

unstale% V vs Li*/Li.5% 141 Several studies have shown an increased interphase
formation smmmgeoperation of composite cathodes beyond 3 — 4 V vs Li/Li.l1% 1421 Recently,
Walther eEtiﬁed three different degradation zones in composite electrolytes, being the

CAM/SE,

ide SEs, it is not understood yet if the aforementioned effects are also present

1n sintered

ble within a 4 V regime, whereas thiophosphates are thermodynamically

and carbon/SE interfaces with a high degree in similarity between the

14281 The electrochemically formed products during high potentials

(oxidation) are prédominantly Li-S-P phases with phosphate, sulfate and So-polysulfide species
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as the thermodynamic byproducts.!'*?®! These reaction products were mapped via ToF-SIMS
in cathode composites (Figure 5b). Interestingly, the formation of TM species such as TMS",
TMP- 1M in comparison to the aforementioned compounds in electrodes employing
NCM622m this degradation can be partially reversible,!'*¥) it still increases the

cathode 1 d thus drastically degrades the SSB performance.

100 cycles

I8
8 NCM
=
o
=

C, fragment | NiO,” fragment | (PO, - POy") fragments

Figure S. (b) show SEM images in different magnifications of the contact loss
between 4 and NCMS811 after 50 cycles. Reaction byproducts formed between
CAM, carbon fiber additive are mapped using ToF-SIMS as shown in (c).

Reproduced with permission. 193 142b]

[

While it 1 i difficult to separate chemical and electrochemical degradation due to the
similar namiifﬁcult interface accessibility in composite electrodes, in principal chemical

reactions r at every interface in composite electrodes. Although these reactions

strongly ween materials, potentials and cell configurations, Sakuda et al. showed
cation En when combining LCO and Li>S-P,Ss-based SE,!'* which was confirmed
by com tudies.[145]

Coatlng is frequently investigated as a way to suppress (electro)chemical reactions
between d SE. For thiophosphate SEs, coatings are considered a necessity to fabricate
SSBs wit yclability.[14?¢] Recently, halides such as LisMXe (M**, X = CI, Br, I) have
gained %r use in SSBs.!'*) They are stable at high electrode potentials,'*”! are easily

to process, and may have sufficient ionic conductivity for use in composite electrodes. Halides
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can play a crucial role in enabling SSBs by bridging the gap between soft but degradation-
prone thiophosphates and stable but less ionically conductive oxide SEs.

From thg point of view, atomistic models reveal that sulfide and phosphate based
soft and g:mre generally less stable than LLZO against high voltage CAMs.5% As a

result, se chemical reaction may occur between high voltage CAMs and these

soft/gld8s yHeIEEE@| ytes leading to substantial interdiffusion of ions at the interface, which can

be mitiga arge extent by some form of interfacial coatings.['*>> 1*8) One-dimensional
impedanc@ng of a sulfide electrolyte based solid-state lithium ion cell revealed that the
resistance ated with charge transfer at the electrode/electrolyte interface, ion transport

through t%ly‘[e, and solid-state diffusion contributes to the large polarization observed
in all-solid-state lithium batteries.['*”) Decreasing the separator thickness can help to improve
the energy and Power density of these all-solid-state energy storage devices. Cell level
computatj&deling of Li3PO4 indicates that lower ionic conductivity of the glassy SEs at

room terperature and limited rate performance are major challenges for  their

commercialization.[*” More detailed modeling of the cathode composite electrode 3D
structure ificl sulfide (thiophosphate) electrolyte, NMC CAM, binders, and void spaces
showe isteibution of the conductive binder phase has a significant influence on the
electrochem active surface area and ion transport through the tortuous SEs.['*! Discrete
eleme EM) based detailed computational modeling of the 3D microstructures of

composite cathodes with SEs clarify that high active material loading with large

electrochesically active surface area can be achieved by the adoption of fine SE particles.!>’!
Note that cygmethough these analyses were conducted on sulfide based SEs, the general
conclusioplicable to composite cathodes with other SEs as well, such as phosphates
and garnet utational modeling of the LIPON/LCO interface at both the atomistic and

continuu vel showed that interfacial delamination can occur between the cathode and SEs

due notm volume change of the cathode particles, but also to the interfacial reactions

that lead t ation of a cathode/electrolyte interphase whose volume is less than that of
the parent idls.!®) Implementation of interfacial coatings is a possible pathway to mitigate
these interfacialactions and their detrimental effect on cell performance.>¢"!

6. Hybri oach to the SE/CAM Interface
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Currently the most common approach to accommodate the limited solid-solid contact area and electro-
chemo-mechanical-expansion mismatch at the SE/CAM interface is to utilize an interfacial “soft” liquid,
gel, or R IFer I'—ion electrolyte (Figure 6a,b). Prior to the incorporation of the soft interphase
materials, thegathode active particles are either inserted within the LLZO scaffold,* '*2 or mixed with
LLZO pa @ cast on top of the Al current collector to form the cathode composite.™>3! Polymer

type soﬁ iW materials are usually dissolved within the cathode slurry prior to casting,!!>¥

new interfaces introduced, i.e., CAM/soft electrolyte and soft electrolyte/SE. Therefore, this soft
electrolyte d Pe chemically and electrochemically stable against both the cathode and the SE as a
function o ing temperature and voltage. Otherwise, additional interphases may be necessary to

achieve sufficient gycle life.
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Figure 6. (A) Schematic representation of a Li metal anode and NMC cathode cell, which consists of a
¢ cathode composite to enable contact between the LLZO and NMC. (B) Schematic
portion of the LLZO/NMC interface with soft catholyte in between. Also highlighted
chemical, electrochemical and transport limitations that can occur within the

C C interfaces. (C) Comparison between the increase in interfacial resistance at
LLZTO/LiPFs and LLZTO/LiTFSI interface. It is evident that LiTFSI salt is more compatible with

soft catholyte 1n
tatie
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LLZTO."* (D) High resolution TEM image of Li»COs and LiF layer on top of LLZTO while operating
with liquid electrolytes containing EC/DMC solvent and LiPFs salt.'”! (E) DFT calculations
demonstrating the ease of partially coordinate transition metal dissolution in liquid electrolytes.!!*®

{

6.1 Challe iquid Electrolyte, Ionic Liquid, and Polymer Interfaces with LLZO

|
Incorporatign of soft interphase layers is associated with interfacial and bulk issues, which can be

categorize S:

a) In ialfchemical and electrochemical stability of the soft material with cathode and LLZO

voltage conditions; %

[
=

§5C

159]

=3
~
=

tigft of transition metals from cathode (Ni, Mn, Co) into the soft electrolyte;!

cial charge transfer resistance between the soft electrolyte and LLZO;!¢%!

o o
~— =
g =

nductivity of the interphase material under room temperature conditions;!!®!]

tribution of particles and liquid electrolyte within the cathode composite.

N
c
ﬁ

These dra d the potential pathways to mitigate them are discussed in this section.

Maintainin§

«b emical and electrochemical stability at the soft electrolyte/LLZO and CAM/soft

electrol

is important to minimize the formation of passivation layers. Recently, the interest

in protectin des with ceramic electrolytes for use with state-of-the-art LEs and CAMs motivated

studies ze the stability between LLZO and state-of-the-art LE.[13¢157-1621 Tt was found that LiPF

M

salt and carbonate solvents react with LLZO to form resistive interphases (Figure 6¢).1'5”) In addition,

the use of kiPFs may result in HF formation when water is present, which can passivate the LLZO

I’

surface. TH#SS e work should investigate the use of alternative salts and solvents to improve the

compatibilj @ ten LLZO and LEs. As for polymer electrolytes, the most commonly used PEO-

based soft P s tend to oxidize at higher voltages, making it very difficult to use high voltage
CAMs (NyIie% 0).188] Hence, poly(ethylene glycol) methyl ether acrylate (PEGMEA) or

n

poly(et nate) based soft polymer materials that demonstrate stability against high voltage
conditi tial interphase materials between the CAM and LLZO.!53* 134 Computational

modeling sm help to estimate the HOMO and LUMO levels of these polymer electrolytes and

{

their oxidatj ity against high voltage CAMs.['** Atomistic calculations also indicate that ionic

liquids (ILs) aregsfhble at high voltage conditions based on the estimations of HOMO and LUMO

levels.!

hnalysis further revealed that addition of extra Li salt within ILs can improve their
stability against®iigh voltage CAMs.'® In spite of their high voltage stability, some polymer

electrolytes as well as ILs tend to react with the Ni-rich CAMs.['* 197 However, computational studies
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to understand the reactivity between these high voltage-stable soft electrolytes and Ni-rich CAMs are
lacking.

™ dissw the CAM to the soft electrolytes has been extensively studied in the context of Li-
ion batteriﬂs,“ﬁg] In the present context, if a LE is used to improve contact at the CAM/LLZO
interface, exists some propensity of TM dissolution from the CAM particles to the
electrol e MENERPER though maximum amount of dissolution has been observed for Mn?" cations, Ni**
and Co*" a to dissolve from NMC cathode particles into the LE.!'*- 168 TM dissolution leads
toa decreamctive sites for hosting Li-ions, which results in capacity fade.['”%! Also, re-deposition
of the TM i

of resistivemon layers and subsequent impedance growth.!!'”!! TM dissolution has been observed
in both org a

at lower stmnarge, and acid attacks are the major reasons behind the dissolution of CAMs.!!7?)

Computati

e surface of the CAM particles as oxides and/or fluorides can lead to the formation
ell as IL electrolytes.!'% 1681 Disproportionation reactions experienced by the TMs

eling activities at atomistic length scales reveal that partially coordinated TM atoms
are more p ction with the solvent molecules and subsequent dissolution within the LEs (Figure
6¢).[138-159] iagum level modeling of LE-based LIBs can capture the TM dissolution from the
cathode.l'”° e in interfacial and charge transfer resistances due to the metal dissolution and
depositionm

of CA

can also be successfully captured by cell level models.!'”! In the present context

posites, the tendency for TM to dissolve is much lower due to the use of a very

small amou ft/liquid electrolyte. Moreover, it should be pointed out that the dissolved TMs

cannot to the Li anode due to the LLZO separator,!'**! blocking one of the major degradation

mechanisms in conventional LIBs.

Interfacial Wnsfer resistance between the soft electrolyte and ceramic electrolyte, such as LLZO,

intrinsically gmigimates from two contributions: the resistive interphase layer and the solvation of Li-ion

due to thei ical and/or electrochemical incompatibility, which eventually forms an ohmic

in the soft &

. A resistive interphase layer may form at the interface of two different electrolytes

23l Unlike in oxide ceramic electrolytes,

resistance f@r the transport of Li-ions across the interface.l
where the ki-ionsgre coordinated by oxide ions, the Li-ions in soft electrolytes are surrounded by
solvent WDUG to the removal of the solvation shell around the lithium cations prior to their
insertion in@amics, a high charge transfer resistance is observed.['”* Sagane et al.'” found in
a model system using LigssLag3sTiO3; (LLTO) as the ceramic electrolyte that polymer/ceramic
electrol aces generally have higher activation energies and room temperature interfacial
resistance id/ceramic electrolyte interfaces. By comparing with the Na-electrolyte system, they

hypothesized that the Lewis acidity affects the strength of the interactions with the solvation shell and
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thus the solvation. In a related study, Abe et al.l'’® investigated the effect of solvent type on the
solvation kinetics at the LE/SE interface. It was shown that the activation energy of solvation/de-
solvation athe LwSE interface positively correlated with the heat of reaction of the solvent and the

solvent don ber.

High inter transfer resistance can also be caused extrinsically by the formation of the
resistivEeL SE@™ ¥ er on the surface of LLZO (Figure 6d). For example, pre-heating LLZO particles
at400 -5 remove the resistive Li>COs3 layer and the charge transfer resistance between PEO
and LLZO @wered to hundreds of Q-cm?.['%! Strategies involving rapid acid treatment of LLZO
can also b ed for removing the resistive Li,COs layer.'””) Continuum level computational

modeling s Whed light on the overpotential associated with charge transfer across the

S

heterogeneO®s in®fface.!! "

tl

Apart from the elegfrochemical stability at soft electrolyte/CAM interface and the high charge transfer
resistances the soft electrolyte and the LLZO, the ionic conductivity of these soft interphase

materials u@ider room temperature conditions must also be studied to effectively estimate the potential

g

drop within_the electrolyte during cycling.!! Unfortunately, although several ILs exhibit good

electrochemlic ility to CAMs, their room temperature conductivity is about one order of magnitude

171 The viscosity of the IL, the number of charge carriers, the size of the

lower than that of organic LEs.!
and the density all affect their conductivity.!'®! Using DFT-based atomistic
calculationsii®possible to predict the conductivity of ILs as a function of ion volume, ion mass, ion
momen ,dnd ion-ion interaction energy.!'8%! The lithium salt concentration and solvation shell

structure around the Li-ions not only have a major impact on the ionic conductivity of ILs, but also on

their stabil igh-voltage CAMs. ! 166 1811 Similar to ILs, polymers also demonstrate poor room
temperatur tivity unless they are plasticized and converted to a gel form by adding LEs.[!%%
Some stan ers such as PAN and PVDF show good stability to high-voltage CAMs when used

as polymer/ ig composites with Ta-doped LLZO as the ceramic fillers.!'3! However, their ionic
conductivigat room temperature is orders of magnitude lower than that of LEs, and plasticizers are
necessary i achie': reasonable low-temperature performance.!'*3®! The total potential drop during ion
transport soft interphase layer depends on both ionic conductivity and thickness.!!8*
Computational models should make it possible to estimate the competition between the conductivity
and thickness of thesinterphase layers and determine the optimal conditions for the best cell performance

with migi tential drop across the interphase.
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An advantage of hybrid cathode/electrolyte is that no high temperature co-sintering is required for these
cathode microstructures. The active particles are infused within the LLZO scaffolds, and the voids
between thl solid E'AM (NMC, LCO, S) and the LLZO electrolyte are filled with LEs to ensure intimate
contact.!5> 1839 fully utilize the lithium stored in the CAMs, the CAM patrticles should be uniformly
scaffold. In addition, sufficient LE must be incorporated to fill the pores in the

composi-te cathode layer to avoid incomplete wetting and loss of the electrochemically active surface.
Infiltration@f the cathode slurry and LE within the LLZO scaffold can be simulated to better understand
the distribution qf particles and the efficiency of the process, including modeling the surface tension-

driven flowdof the fluid within the desired porous media.

Problems rglat TM dissolution and impedance growth at the CAM/LE interface or the formation
ofa high-im interface between PEO and LLZO during operation can be prevented by the proper
adoption lyte additives and/or synthesis techniques.!'®®! For example, the addition of
fluoroethy nate (FEC) in the organic LE can help form a stable electrode-electrolyte interface
and minimj solution of TM ions.!>* 1%l Computational modeling at the atomistic level revealed
that the adm

and substamnimizes the dissolution of Ni, Mn, and Co from the CAM particles in the LE.!!8"]

is(trimethylsilyl) phosphite (TMSP1i) forms a protective layer on the NMC particles

MD-based ional models have shown that increasing the lithium salt concentration in the ILs

or saturati with Li salt can help minimize TM dissolution from the CAM particles, either by
forming a s olvation shell!’®! or by decreasing the acid concentration near the CAMs. !¢
Applyi » on a Ni-rich cathode minimizes the side reaction between Ni and high voltage-stable

polyoxalate-based polymer electrolytes.!'® Similarly, the application of a LATP protective layer on

167]

NMC622 r;'nimizes the side reactions between CAM particles and poly(ether-acrylate) based SEs.!

To minimi terfacial resistance between the ceramic particles and the soft electrolytes, very
careful syiques must be used that effectively result in extremely low (~2 Q-cm?) interfacial
resistance be the argyrodite-type SE and PEO.!"®) Grafting polymer chains onto the surface of the

LLZO IVEW also help to alter the interfacial resistances between the polymer and ceramic

phases xperimental study on the interface between a ceramic LAGP electrolyte and
DOL/DI“ES, Busche et al.["!! found evidence for a solid/liquid electrolyte interphase (SLEI)
in which o inorganic components form the interphase. They demonstrated that the formation
of a SLEI igitd/solid electrolyte interface results in a stable and low interphase resistance (~25

Q-cm?). Fro studies it is evident that, depending on the interphase material, there may be various

issues Z0/soft electrolyte or CAM/soft electrolyte interface that need to be solved, and

computational modeling should help to strategize the optimal pathway.
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7. Towards All-Solid-State Batteries

Ultimately it wowld be desirable to develop an all-solid-state battery that is entirely devoid of
ﬂammand organic components. This not only improves safety and extends operating
temperatur ities, but could also eliminate the self-discharge and capacity fade associated with
LEs (e.g., sht

|
and the reasion Between LE and SE).!'3”- Y1921 However, LLZO-based cells still face many challenges

Hanism in lithium-sulfur batteries, leaching of manganese in high-voltage CAMs,
to achieve ive energy and power density. High energy density requires high CAM loading,
which can @nly beftealized in cell designs with thick electrode layers and thin ceramic separators. At
the same tim¢c;, ion and electron transport through these layers is required to achieve practical power
density. O ing the composition and structure of LLZO/CAM composite cathodes and separators,
minimizing the ELLZO GB and CAM/LLZO interfacial resistance, and mitigating the capacity fade
during ope@s described in the previous sections, are therefore essential for the successful
developme Z0-based SSBs.

7.1 Micro:gcture & Architecture of Full Cells

The majormorted LLZO-based cell architectures utilize thick (~ 1mm) sintered dense ceramic
separators a8 a hanical backbone of the cell, followed by an application of cathode layers and
lithium etal) anodes. The popularity of this separator-supported cell design is explained by
relative process implicity, enabling fabrication of dense separators with high ionic conductivity via
conven ic approaches. However, a thick layer of high-density oxide separator adds to the
battery’s mass and volume without adding to the storage capacity, severely decreasing energy and

power denSies on the cell level.'®! To create a high performance SSB, it is clear that the relative

fraction of the in the cell should be minimized while simultaneously increasing the CAM loading,
@ dominated cell concepts. To enable sufficiently fast charge transport through the
thick cathodes,

maximizeéo minimize the total cathode resistance, resulting in an extended 3D CAM/LLZO network

resulting i
e electrochemically active surface area between the CAM and LLZO should be

[26¢] The major challenge of these cell concepts

analogoU network of conventional LE cells.
is the pMealization of mixed cathodes layers without the processing-induced degradation
discussed in Sectidg 3. So far, two main routes have been reported to fabricate fully inorganic LLZO-

based com thodes. The first route relies on the fabrication of a porous LLZO scaffold, which is

subsequen with CAM. The second route is based on a co-sintering of CAM and LLZO powders
combing suitable (and ideally scalable) processing approach to form a cathode layer.
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As an example of the first route, Hitz ef al.!*) utilized tape casting to create a porous-dense-porous LLZO
“trilayer”, where a ~15 pm thick dense layer was mechanically supported by ~60% porosity extended
SE layers tFt had '10re than 40X the interfacial area of a planar electrolyte. Porous morphology of the
LLZO scaftolddicontact with the lithium metal anode was shown to be beneficial in eliminating lithium
dendrites t planar surface of an electrolyte pellet via improving the Li-electrolyte contact
and elim-inatinﬁ “hot spots” responsible for inhomogeneous Li-plating.['**! Combined with atomic layer

deposition SLD) to improve LLZO-Li metal wetting, lithium metal symmetric cells had extremely low
area-specific_resistances (ASRs) of 2-10 Qcm? (compared to 19-40 Qcm? for thick pellets) and stable

cycling upffo 10 cm? at room temperature with no applied pressure.l'® On the cathode side,

infiltration of sulfur in the porous LLZO scaffold provided a thick cathode layer with a high electrode
loading and cgll efiergy/power density. A Li-S battery using the same microstructure had an initial
discharge f 1200 mAbh/g, corresponding to a cell energy density of 272 Wh/kg, and >99%
Coulombic efficiey for 50 cycles (Figure 7.1a).[?® Porous-dense “bilayers” were also fabricated to
be compatible with commercial cathode-coated foils while maintaining the enhanced interfacial contact
of the ano@ted porous layer, resulting in an NMC-Li battery with stable discharge capacities of
175 mAh/g an o Coulombic efficiency for 25 cycles (Figure 7.1b).1%¢! The cathode and anode could
also be swifchi have the cathode infiltrated into the porous LLZO and the anode applied to the

Ce[12921, 197

planar LLZ® s I (Figure 7.1c). This configuration eliminates the inert components (i.e.,

PVDF

in commercial cathode foils, allowing more active material to be used in the same
battery volu thus increasing cell energy density. The tradeoff is that the adoption of a planar

LLZO-

Ma

trode interface will increase the interfacial impedance relative to structured anodes

(Fig 7.1a and 7.1b). However, if the issues related to the high current densities at the Li metal/planar

[

LLZO int e can be appropriately addressed, the maximum cell performance can eventually be

achieved us configuration (see Section 7.4).

0O

Auth
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Figure 7.lguyer LLZO structure with Li-metal and sulfur electrodes infiltrated into the porous
layers. res with b) Li-metal infiltrated into the porous layer and NMC-coated foil attached

to the dense r ¢) Sulfur infiltrated into the porous layer and Li-metal deposited on the dense
layer;!1%- 1% ectrochemical performance of free-standing, dense, co sintered LLZO+LCO mixed
cathod distribution (thick and thin) and with a gradient, transitioning from a 2:1 ratio of

LLZO:LCO at the separator to an 1:2 ratio at the current collector. (LLZO: white/yellow, LCO: dark

grey)[ 104] !

As testame potential of this multi-layered approach, several research groups have synthesized
extended rostructures with a variety of methods, including carbon template method,'*®! 3D
printingghe pe casting,?®! drop casting,!*°!! and LLZO-electrode co-sintering.”* The range of

electrolees and anisotropy produced by these different methods results in unique internal
and interfjent densities that impact battery performance yet are difficult to probe

experimentally. tinuum scale simulation models can recreate these internal/interfacial current

b and thus provide a methodological and systematic basis to evaluate, design, and

electrolyte layers to reduce local current densities in a “trilayer” garnet configuration. The study further
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suggested that designing an extended electrolyte layer with porosity gradients would allow additional

optimization of cell performance by reducing bottle necks for ion transport in the “trilayer”.

With rem second fabrication route, M. Rosen ef al. demonstrated dense, free standing, co-

sintered rns that were produced via tape casting.['" The advantage of this approach is that

the mecha is provided by the CAM, which allows reduction of the SE (e.g. LLZO) volume

2021 However,

fraction®™in§"EHABIES extremely thin separators, e.g. applied via PLD or sol-gel methods.!
as reporte iigicrbusch and Danner et al., the effective ionic conductivity of the LLZO limits the
extractablem for cathode thickness above 50 um!!'? and strategies are needed to either improve
the total ¢ ity of the SE itself or the effective conductivity via microstructure optimization.
Similar to mtages of porosity gradients mentioned above, electrochemical performance can be
boosted by

al. also dergd a microstructurally optimized mixed cathode, featuring opposing gradients for the

ing compositional gradients to change the effective transport parameters. Rosen et

volume fra LCO and LLZO (Figure 7.1d, SEM cross section). Close to the current collector
side, a ratj # for LCO:LLZO ensured a high electronic conductivity while a ratio of 1:2
LCO:LLZ parator side ensured a high effective ionic conductivity. Compared to non—gradient
cells using materials (Figure 7.1 (d) green and blue), electrode utilization improved by a factor
of 2, reachi 100% of the theoretical capacity (3 mAh/cm?, Figure 7.1 (d) red). Such optimized,

free-stangi es can then be used as mechanical support for application of thin (10 um) or ultra-

thin (<lum ors. With respect to the former, co-sintering of mixed cathodes and thin separators

(e.g. vi ntial tape casting or screen printing) or hybrid approaches featuring the application of

thin ceramic+polymer separators seem promising options and are currently heavily researched. With

respect to the application of ultra-thin separators, often on the order of 100 nm, various concepts using

203 202] 204]

physical osition,?®! pulsed laser deposition,?®?! or sol-gel application techniques!

sometimes @ ation with advanced sintering techniques like flash lamp annealing are also known
and investige ese facile ways to improve battery electrochemical performance by tailoring the
composite icrostructure and improved processing for separator thickness reduction show that

the opti eramic SSBs is still in its infancy.
7.1.1 Impit of cathode microstructure on full cell performance

For good emical performance, the microstructure of the cathode composite needs to be

optimized to_ua ize the practical performance of SSB, namely maximizing the electrochemical
contact % the SE and the CAM particles; percolating SE network with low tortuosity for ion flow

from the separatofto the current collector; percolating electron conducting network to maximize
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electron flow from CAM to current collector; maximizing cathode thickness consistent with ASR
transport constraints; maximizing the volume fraction of solid CAM particles to minimize inactive

mass, and qinimi" g voids that reduce electrochemically active surface area and energy density.[26¢ 33

As discussﬂion 4.2.2, volume changes of CAMs during cell operation cause a significant stress
in composi that can also affect SE transport pathways. More importantly, the volume
changed® afS&€CRanical damage to CAM particles as well as delamination and contact loss with SE.
Mechanicalgsi ions have been used to calculate deformation and stress in extended SE and CAM
networks.[m et al.® reported that NMC composites were less prone to showing mechanical

degradatio CO or LMO electrodes. The anisotropic properties of the LCO crystal and the

tendency articles to align their c-axes perpendicular to the SE surface during cathode
processing 1ts#in a less pronounced stress distribution at the electrode level.'%! However, this
orientation orable for Li-ion transport within the CAMs and deteriorates the electrochemical
properties. e some of the factors that need to be considered when designing and processing the
extended S M networks.

The aim of electrochemical models is to correlate both the overall charge-discharge curves and spatial

patterns i

% distributions to macroscopic electrochemical measurements. Simulation studies

relying on FIB- reconstructions of LCO composite electrodes indicate that cell performance in

room t ure experiments still lags behind the simulation predictions, hinting at unaccounted
secondary reagi@®s at the CAM/SE interface and further demonstrating the need for protective CAM
coatings¥ tudies have also indicated that the size distribution of CAM and SE particles, along
with Li-ion concentration-dependent changes in reaction kinetics and transport properties, have
profound M overall cell performance.?®™! During the sintering step of the cell fabrication

process, meeghamigal simulations have demonstrated that the formation of porous domains at the

cathode/ele

cell perfo

The Li4# mechanism in CAM/SE composites is highly sensitive to the ion conduction
pathwayHbulk grains, GBs, and structural domains, as well as their respective network.
Computatimoaches that account for microstructural inhomogeneities can play key roles in

analyzing izing microstructural features to maximize ionic transport properties. Both DFT

and MD bas

d istic computations have revealed that the ionic transport properties at the grain

ery different from that observed in the GB domains and particle surfaces, which is true

13, 207

for all types of (oxides, sulfides, anti-perovskites, etc.).! I By solving continuum equations at
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the mesoscale level, the impact of the microstructural heterogeneity on the effective ionic transport

13, 34, 207b, 208

properties have also been investigated.! ! This approach accounts for complex conduction

pathways by incorfbrating a realistic representation of the electrolyte microstructure into the modeling
framework. @i ] CO/LLZO composite cathodes, a microstructure resolved computational
modeling s used to identify the limitations and obtain design guidelines for improving the
electrochergicalperformance of the cells at the materials and microstructural level.) Additionally, it
has also be! computationally demonstrated that specially architected SEs can increase the electroactive

owth.?’]

area and migimizg the reaction current density at the Li/LLZO interface, while decreasing the chances
of lithium @.

For predictiyve ations enabling a virtual design of extended SE and CAM networks in LLZO-based
SSBs, all aspeCtsdescribed above need to be coupled in the models. Promising studies for other classes

of SEs have already; been reported and are pointing the direction for future model developments. 3% 206

U

201 In addi#EA™eI0se linkage with atomistic-scale simulations is essential to incorporate appropriate

material pr hat enable prediction of optimal extended 3D SE-CAM networks for new material

N

combinati mparing the simulation predictions with corresponding experiments, improved cell

architectur tended SE-CAM networks can be identified. Further experimental and theoretical

d

work is requir identify the key microstructural parameters that will provide strategies for the

engine -based SSB cell architectures.

7.2 Solid e¢/CAM Interfacial Coatings

W

As discussed in Section 3.3, the development of chemically stable interlayer compounds to enable
LLZO/CA! combinations during processing is needed. Moreover, as pointed out in Section 4, these

interlayers must also be electrochemically stable, not only in terms of Li* cycling and SOC, but also in

terms of ¢ chanical expansion mismatch between the CAM and LLZO. In summary, the

properties that*att 1deal interphase layer should meet are as follows:

1. @g point to reduce required temperature/time for the co-sintering process;

2. energy with respect to the CAM and LLZO, so that the interphase material can

easi oth surfaces during high temperature sintering;
3. Chemical gfability at the CAM/coating and coating/LLZO interface during sintering;

iffusivity of transition metals (Co, Ni, Mn, La, Zr, Al, etc.) across the interphase

eventing interdiffusion and formation of non-conducting passivation layers;

ical stability at CAM/coating and coating/LLZO interface during cycling;
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6. High fracture energy between CAM/coating and coating/LLZO interface to minimize
interfacial delamination and loss of electrochemically active surface;

s of elasticity of the interphase layer to minimize the stress generation;

ision conductivity and/or low thickness to minimize the overpotential associated with
elacross the interphase layer (potential drop);
9. Low charge transfer resistance at the CAM/coating and coating/LLZO interfaces.
| i £ &

So far, chegii electrochemical stability (including chemo-mechanical mismatch) could only be
achieved inftybridgeell configurations by avoiding co-sintering steps and using soft organic interlayers
(Section 6;@
interlayers ired. To achieve the required 3D microstructures (Section 7.1), the method used to
deposit them

er, for true SSBs, chemically and electrochemically stable interfaces with inorganic

r depends directly on the process used to fabricate the structure. In particular, for
coating sin LZO structures prior to filling with CAM particles, or for coating CAM and LLZO
particles pmi -sintering, gas (e.g., ALD!®) or liquid (e.g., solution infiltration) processes are
required to 1ly conformal coatings, while line-of-sight processes (e.g., sputtering!®® ) would
be impractE

the presencg terphase layers, but also the synthesis of cathode microstructures that facilitate the
formation terphase layers to protect CAMs and SEs.

efore, future computational models should investigate not only cell performance in

7.3 Ne vanced Mixed Ionic-Electronic Conducting (MIEC) Cathodes

High te ure sintering of oxide SSBs prevents the use of carbonaceous conductive additives to
improve the electron conductivity of the co-sintered CAM/SE layer. Any carbon added prior to sintering
will burn qut if sintered under oxidizing atmosphere or will reduce the oxide ingredients if sintered
under inert ing atmospheres. Alternatively, infiltration of carbon after sintering is challenging
due to the i'lly small inter-particle pore size in dense ceramic cathodes. Instead of carbon, other
conductive 3¢ Pes, such as the more expensive indium tin oxide,®! can be considered as a means to
improvm conductivity of the cathode layers. However, apart from the higher cost, the
additio additives will inevitably compromise battery energy density, which is contrary
to the g“loping SSBs. Clearly, the preferred solution to overcome these challenges is to
remove th ive additives completely. This can be accomplished either by increasing the ionic
and electrmctivity of the CAM or by developing mixed ionic-electronic conducting (MIEC)

es. The latter has been practiced extensively in the development of solid oxide

ﬂ@  for fuel cells and gas separation membranes.*!”)
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In terms of increasing CAM conductivity, promising cell performance has recently been reported for
sulfide-based all-solid-state cells with NMC622 (electronic conductivity ~0.01 S/cm) as the CAM.!%3)
Initial atte*ts on 'xide-based SSBs have been conducted using LCO (electronic conductivity: 103-10
S/cm dependiagson lithium deficiency ') as the CAM, 3% 1% although practical performance at room
ternperaturt been achieved. Even for LE cells with high ionic conductivities, insufficient
ionic conduction through the cathode layer is the primary challenge to achieving high rate capabilities

I
with CAM@ with reasonably high electronic conductivity,!

increases. Electronic conductivity is also important, especially when thicker cathode layers are used to

212] especially as cathode layer thickness

achieve hi specific capacity.*'¥ Recent efforts with SSBs indicate similar trends,'* but SEs,

by definition, ot infiltrate like LEs into the CAM pores to provide an ion conducting path and so
only part m\d surface may interface with the SE. Therefore, the maximum CAM particle size

will be limj e Li-ion diffusion distances between the (potentially limited) CAM/SE interfaces
and the CAM parti@le interiors.

Conversiomodes have great potential to increase the specific energy of cells due to their high

specific ca nfortunately, they are extremely poor electrical conductors, e.g., FeFs, S, and O».

Therefore, ch conversion materials in SSBs without an additional electron-conducting phase,

the electro ctivity of the solid cathode composite would need to be increased.?!’! However, the

develo C capability for garnet-type electrolytes is still in its infancy, with only a handful
of publishe igs. 210!

7.4 Projecs' n of SSB Energy Density and Rate Capability

Calculation, -level performance provide projections for potential energy and power densities that

can be ach @ h a particular design and chemistry of anode, cathode and electrolyte, as well as
insight into ors that limit cell voltage and capacity.l”- 1) Since this paper focuses on cathode
architectur‘: we modeled the potential performance based on LLZO bilayer cells using the design
shown in Kigure 7@l c, where lithium metal anodes were attached to a 10 um LLZO dense layer and

various CAMs were envisioned as infiltrated/co-sintered into the porous LLZO layer.

7.4.1 Asse:f theoretical energy density

Figure 7.2d show the theoretical thermodynamic energy densities attainable for LLZO-based
bilayer cells, ing a CAM content of 75 vol.% in the 3D CAM/LLZO layer with a thickness up to
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100pm. It should be noted that the Wachsman group has prepared 3D LLZO scaffolds with porosities
up to 85%.[1%

The uppwn Figure 7.2a and 7.2b represent the maximum energy density attainable for each
cathode chme the cathode layers are comprised of only LLZO and CAM (Figure 7.2a). The

parameters h cathode chemistry are detailed in Table S1. The maximum theoretical cell

energy BenSTfies Merease linearly at low cathode thickness due to the LLZO separator mass/volume

contributinggsigmificantly to the total cell mass/volume, and then cell energy densities approach a
horizontal @Symptete at high cathode thicknesses as the LLZO separator mass/volume becomes
insignificaritg parison to the cathode/anode mass/volume. The higher specific energies of the

conversion (i.e., Li-air, sulfur, FeF3) result in theoretical gravimetric energy densities of
660Wh/kgm Wh/kg for a cathode thickness of ~50 um; whereas the lower specific energy
intercalati s (i.e., LCO, NMC622, NMC811) achieve theoretical energy densities of up to 519
Wh/kg fom thickness and 567 Wh/kg for a 100 pm NMCS811 thick cathode. In contrast, the
Volumetricmtgy densities of some cells with conversion cathodes and intercalation cathodes

overlap be s with conversion cathodes must have an empty pore volume to allow for cathode

expansion mmtion (e.g., 78.7% volume expansion for S and 14.1% volume expansion for FeF3).

However, netth oratory nor commercial cells have achieved energy densities near these maximum
values, ecause the CAM has been replaced with inert components. For example, the lower
limits in Fi .2a and 7.2b represent cells that contain electronically conductive additives to
compe low CAM electronic conductivity (Figure 7.2b).2'") Even small amounts of this

critical additive significantly reduce cell energy density, and cells often contain additional inert
componentw binders to ensure full CAM utilization. Clearly, optimizing the cell design to
minimize thg of inert components as well as the remaining porosity is a key requirement for creating
the cells wergy density. Furthermore, if the ionically conducting/electronically insulating 3D
SE network 4 athode structure can be replaced by a MIEC, then even the critical electronically

conductivefadditives can be removed, and cell performance can approach the maximum energy density

limits sho* in Figlres 7.2a and 7.2b.

It should al ted that processing/yield issues may require a thicker dense separator layer than
modeled h ver, a majority of the LLZO mass and total cell mass in the bilayer structure is in

the composit de layer rather than the dense separator layer. For example, if the dense layer was

tripled
and 25% LLZO

ss to 30 um for a 100 pm thick cathode comprised volumetrically by 75% NMC 811

design parameters used above) this would be a 57% increase in LLZO mass, but
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only an 18% increase in total cell mass for cell with no other cathode components that would otherwise

reduce this mass % increase further.

Co-sintered Cathode
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Figure 7.23metric cell energy densities and d) volumetric cell energy densities calculated for

LLZO bilay using the design displayed in Fig 7.2 a) and b), where lithium metal anodes are
attached tofthe LLZO dense layer and cathodes infiltrated/co-sintered into the porous LLZO layer. The

upper bou ent cells with only electrolyte and active electrode materials (Fig 7.2a).'8) The

lower boundsgiigpiigsent cells with the active cathode materials partially replaced by electronically
conductivefadd @ s (Fig 7.2b).217)

7.4.2 Predic;E kinetically limited energy density during operation

While the theoretical thermodynamic specific energies presented in the Section 7.2.1 are extremely
encouragirg and would in fact be game changing for conversion cathode materials, real batteries are

also kineti ed by the accessible cathode thickness for a desired current density/C-rate. During

operation, losses and kinetic losses will reduce the attainable capacity of the cathode and the
, Jy

overall spe gy of the cell. The challenges of LLZO-type SSBs and strategies to mitigate them

are discﬂail in this paper, with a focus on commercially available lower energy density
i es (e.g., LCO and NMC). Although conversion cathodes offer much higher

intercal
theoreti(Hiensities, we focus here on the commercially available CAM with the highest
demonstra ic energy (NMC811) and use continuum-scale computational models to quantify
the effects 811 and LLZO bulk properties and NMC811/LLZO interfacial processes on cell
performance fi cell architecture shown in Figure 7.3a.

Model ﬂ The calculations of specific energy under operation conditions are based on

simulations with a pseudo-2D model following the formulation presented in ref.!*!! for state-of-the-art

50
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LIBs. This model was then specifically adopted for the simulation of LLZO-type SSBs. A schematic
representation of the continuum model in the form of a representative equivalent circuit is shown in
Figure 7.3* The c'culations can be considered optimistic but realistic estimates of cell performance,
assuming pere@lating transport pathways in both CAM and SE when neglecting electrochemical and

mechanica

in detail-in the SuBPorting information. An overview of the material properties used in this case study

can be fourf@ in Table 3. It must also be emphasized that these calculations were performed for pure all-

Case studmll setup is illustrated in Figure 7.3 ¢ and corresponds to the setup used for the
assessment etical energy density in Section 7.4.1 (Figure 7.2a, b). The simulations predict the

impact of im!ents in material properties and material processing on the performance of garnet-

based SSB smwi MC811/LLZO composite cathode. The composites have a fixed CAM content of
75 vol-% kness of either 50 um or 100 um. For the dynamic calculations, we restrict the
discussion ecific energy E,,, as a characteristic performance indicator. The virtual cells were

the critical

operated at vant current densities, namely 1 and 10 mA/cm?. The former is often reported as
ensity for stable operation of lithium metal electrodes in a planar design. Suitable

interfac i g or 3D design (see Section 7.1) could enable dendrite-free operation at current

densities up cm?. Both current densities are investigated in detail to predict the most relevant
materia opments. The specific energies for variations of different material properties are

presented in Figure 7.3b, c.

First, we pm sensitivity analysis of the virtual cells to determine the limiting processes for the
state-of-the, aterials. For the sensitivity analysis, all parameters are set to the values in the right-
hand colurt @ ple 3, which represents a set of parameters where none of the processes limits the
cell perfo 1 and 10 mA/cm? and the cell specific energy is close to the theoretical values of
519 Wh/kgnd 567 Wh/kg depending on electrode thickness. In a second step, individual parameters
or groups ofsparamgters related to ionic and electronic transport, interface processes, and Li-ion mobility
in CAMME values in the left column of Table 3 representing in state-of-the-art parameters.

The correspondin§djusted parameters are given in parentheses below each case name.

The simulate fic energies of the virtual cells are shown in Figure 7.3a and 7.3b, with the red and

enting virtual cells operating at current densities of 1 and 10 mA/cm?, respectively. The

corresponding gap®between the lines and the outer perimeter of the coordinate system represents the
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loss in specific energy and visualizes the sensitivity of cell performance to each parameter. The
simulations show that improvements to the ionic conductivity within the composite cathode (‘LLZO
Ionic Conactivitw and ‘LLZO Secondary Phases’) are most critical to improving the specific energy

of LLZO-typegSSBs, especially at high loadings and current densities. Interface processes, namely the

effect of nterphases (‘Resistive Interphases’) and charge transfer kinetics (‘LLZO/CAM
Charge "-Fransfer" also have a prominent effect, though primarily at high current densities due to the
high specifii¢ interfacial area of the composite cathodes mitigating interface limitations at low current
densities. 'Hlity of Li in the CAM (‘CAM Li Diffusion Length’) is crucial to improving the
utilization @f the @AMs and will require the development of suitable materials to resolve current
limitations, which will be discussed in more detail in the paragraphs below. Finally, the effective
‘Electroni udtivity’ of the composite was found to have a minor effect on the cell specific energy,
indicating ectronic conductivity is not limiting the cell performance in the current cell design

with high CAM cofitent.

The resultmensitivity study suggest the optimal strategy for improving the practical specific

energy of e SSBs is as follows: 1) improve the effective composite ionic conductivity by

reducing se phases and grain boundaries, 2) improve interfacial resistance by reducing resistive
)

interphase ve the mobility of Li in the CAM by reducing the CAM internal grain boundaries
and ov icle size, 4) improve the effective electronic conductivity of the composite and ensure
percolating port networks. Figure 7.3d shows the resulting gains in cell specific energy made
by folloy 1s development strategy, beginning with cells with state-of-the-art parameters (grey bar,

left column in Table 3) and cumulatively adding individual improvements due to changing individual
material prgperties or processing (right column in Table 3). Improvements related to interfaces within
LLZO or b%LZO and NMCS811 are indicated by the red bar, while improvements related to the
electrode @11 microstructure and morphology are indicated by the blue bar. The green bar
depicts imp

to the tﬂic limit shown by the purple bar. Note that in this procedure, in addition to the

nts of the individual material properties, the order of the improvements is also

ts of the ionic or electronic conductivity, allowing to access specific energies close

absolut

crucial aHniﬁcant influence on the practical achievable specific energy of the respective case.

Therefore,mlopment strategy presented in this section first addresses the most pressing

improvem d to unlock the potential of oxide-based solid-state batteries.
Table 3<m and material properties in dynamic calculations.
Case State-of-the-art Improved Materials
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NMC811

Density / g cm™ 4.87 12201
Qureo / WM 218.66 22

Mol. weight or 97.28

Unom / V. 3.86 220

d50 / il 10t 0.1*
D/cm?s’ L 2.54.10-12 121al 2.54-10°11 [221]
k!Scm’ 4.54-102 1222 3.15 211
Rer/ Q- cm 2600 [184 150 11841
Rsp/ Q- cm‘ D_ 2600 [184 0*
LLZO

Density / g 5 5.077

o/Scm 8104127 1.0-102
Bes ! - C 1.39 1271 0
Brore | - 23101 15t

Density / g £'3 U 0.534

cheo / 3861.3

Mol. weight /g m 6.941

T desig “desired parameter to reach close to theoretical specific energy. The nominal
voltage Unom, CAM chemical diffusion coefficient D, and CAM conductivity k are given as averaged

value betw n 3 and 4.3 V. The corresponding correlations can be found in Figure SI-1.

Autho
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LLZO lonic Conductivity LLZO lonic Conductivity

Wh kg™ Wh kg™

LLZOICAM Charge Transfer

Figure 7. ghstudy predicting the development of specific energy for the cell design
shown in Fi®#ire 7.2 during discharge with current densities of 1 and 10 mA/cm?. The
correspomntinuum model setup is represented by the schematic equivalent circuit
shown in €). Spider plots in A) and B) present the sensitivity of NMC811/LLZO/Li cells
towar

s various_material and design parameters indicated by the loss in specific energy
compaH;roved materials (see right column in Table 3) for thickness of
LLZO/N 5omposite electrodes of 50 and 100 pm, respectively. The corresponding
model parametels are shown next to each case and are set to the left column of Table 3
represent

developmen

te-of-the-art materials. The sensitivity provides the basis for the
tegy presented in 7.3 D). Grey bars indicate the specific energy of
electr de of state-of-the-art materials. All other colors represent cases
correspo to improved material properties or processing conditions. Improvements
related to interfaces within LLZO or to NMCS811 are indicated by red color,
improvements related to the electrode or NMC811 microstructure and morphology are

This article is protected by copyright. All rights reserved.

54



given in blue. The green bar depicts improvements of the ionic or electronic conductivity
allowing to access specific energies close to the thermodynamic limit shown in the purple

bar.
State-of-th dberials and processing. To our knowledge, no additive-free LLZO-based SSBs with
NMC811 athodes have been reported in the literature so far. The gray bars in Figure 7.3d

show thgssm!lc energy predicted by our calculations based on material-specific data published in the
literature
challenge @r performance has to be demonstrated in future experimental work. Nonetheless,

this case rep the parameter basis of our study and the upper limit that can be achieved with state-

of-the-art w methods and commercial materials.

The predic of-the-art specific energy for a cell operated at a current density of 1 mA/cm? is
about 24 Wh kefdnd 15 Wh kg! for a composite cathode thicknesses of 50 pm and 100 pm,
respectiveI}Erresponds to about 5% and 3% of the above thermodynamic values, respectively.

and NMC811. Fabrication of NMC811 composite electrodes is an ongoing

Comparisof, of the theoretical specific energy with the dynamic calculations highlights the kinetic

limitations o with state-of-the-art materials and processing conditions. At 10 mA/cm? this effect

is even mote p nced, and the simulations predict negligible specific energy for the state-of-the-art
materials in the given cathode architecture. In the following sections, we discuss the material properties
of the re

LLZO-bas

case and highlight relevant material, processing, and design developments to advance

Internal electrolyte and electrolyte/cathode interfaces. A key aspect of this perspective is interfaces in
oxide-base@solid-state batteries. In particular, we discuss the role of internal electrolyte interfaces and
interfaces between the SE and CAM. First, we focus our attention on the role of homo-interfaces and

secondary @ ) the SE. In a recent study, Neumann et al.*”! found that the GB resistance and

n highly porous samples contribute significantly to the overall resistance of SE. In
combinatioll with the geometrical tortuosity of the SE network, these effects reduce the effective ionic

conduc ore than two orders of magnitude from 6 ;o =8-10"% S/cm to OLieff =
EffonLOLzo =5-107% S/ecm (B, = Brort + Bes = 2.31 + 1.39 = 3.7). Mitigation strategies aimed at

reducing the contilbutions from secondary phases and GBs are outlined in detail in Section 2. By

avoiding secondaryphases and assuming GB contributions similar to those measured in dense pellets!?”

(020 = 4S/cm, Bgg = 0), one can boost the effective ionic conductivity to Opieff = 33"

107> S/cm. timization results in a jump of the predicted specific energy to more than 200 Wh

kg! and 300 Wh kg™! for the electrodes with 50 pm and 100 pm thickness, respectively. In the latter
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case, this is already more than 50% of the theoretical specific energy. This demonstrates that
optimization of the effective LLZO conductivity in the 3D network is of paramount importance. Despite
the signiﬁth effe’ at I mA/cm?, only moderate improvements are predicted at 10 mA/cm?, indicating

that additio wnitations need to be resolved to enable operation at high current densities.

Section 3 a es in the processing of LLZO/CAM interfaces. An interface impedance of about

2600 Q Em™BERPESh LCO and LLZO has been reported in the literature. Ruess et al. measured a similar

121a] Tpy the absence

interfacial gesi for their NMC811-containing cells with an agyrodite-type SE.|

of data on /LLZO interfaces, we define this resistance as the state of the art for our virtual

cells. In bo@\

the charge wCT) and secondary phases resulting from electrolyte degradation during processing
1

and operat

s mentioned above, the local interfacial resistance comprises contributions due to

. Deconvolution of the contributions in impedance data is challenging. In the state-
of-the-art mssume that most of the interfacial impedance can be attributed to resistive secondary
phases. U

is expecte‘mwe see a significant drop of the cell voltage during simulated cycling already at 1

conditions, close to linear dependence of the overpotential on the current density

mA/cm?.
the ionic trmv\provements described in the previous paragraph. We assume that with appropriate

cm?, the cell voltage drops below the cut-off voltage almost immediately, despite

processing \gro es, the resistive interphases can be significantly reduced. In this case, the charge
transfer, E/CAM interface is Faradaic in nature and can be described by the common Butler-
Volmer equa ote that in this case the overpotential depends logarithmically on the current, which
promisesgsi®fiticantly reduced overpotentials during operation at high current densities. Strategies for

improving stability and charge transfer resistance using different coating strategies have also been
discussed imSection 7.2. For instance, coatings have been shown to effectively reduce the resistance of
the LCO/Lhterface by more than an order of magnitude.!'® An important consideration,

discussed i n Section 4, is space charge layers that impede charge transfer and can be reduced

223

by approprid rface engineering.[?*’) Coating strategies have yet to be developed for NMC-type

materials, eral similar effects are anticipated. Corresponding simulations are shown by the
light reﬂure 7.3. At 1 mA/cm?, the simulations predict minor improvements in specific
energy OH the significant increase obtained by improving LLZO internal interfaces (dark red
bar). How mA/cm?, improvements in the NMC811/LLZO interface allow the virtual cell to
demonstra ecific energy, albeit only 3-5 % of the theoretical specific energy depending on

cathode thic

his is a key step and demonstrates the importance of interface design for operation
lensities. A major advantage of the 3D electrode design compared to planar interfaces
is the orders of itude larger reactive surface area. It should be noted that chemo-mechanical effects

dE

at the interface due to volume changes during operation also play an important role in this context and
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can lead to loss of contact and active surface area. Strategies to mitigate these effects are described in
Section 5. Nevertheless, the simulations indicate that a local charge transfer resistance of about 150 Q
cm? no lonfr limi' the cell performance even at 10 mA/cm? once the secondary phases at the interface

can be miti

Microstru osite electrodes and cathode active materials. Section 7.1 presented various

design FArAGTBHST0O improve the specific energy of LLZO-based SSBs. One important aspect is the

microstruc e composite cathode. Two key parameters determining the composite cathode
architecturgfare th@thickness and CAM content. The dependence of specific energy on CAM content
is also illusmFigure SI-2. In the study presented here the CAM content of the composite cathode
is fixed to m which promises a very high thermodynamic specific energy. However, high CAM
content in esthe tortuosity of the 3D SE network and thus decreases the effective ionic
conductivity, is one of the major bottlenecks for practical SSBs. Therefore, optimization of the
3D ionic m important to reduce the tortuosity of the transport pathways, and the benefit of

improved Echitectures is illustrated by the dark blue bars in Figure 7.3. Reduction of electrode

tortuosity (| 8-107*S/cm, B, = Brort = 1.5) provides an effective ionic conductivity as high

as Opieff 4 S/cm. The simulations indicate that optimization of the 3D SE transport network
is particula ant for thick electrodes and high current densities. Optimized microstructures are
predict the specific energy of virtual cells with 100 pm thick cathodes operating at 10

mA/cm?, reac

to 11% of the theoretical specific energy. Although these numbers are promising,
they als t additional improvements in SE conductivity as well as CAM properties are critical

to achieve competitive cell performance (as discussed later).

The mobilihion in the CAM determines the utilization of the active material. Ruess et al.[?!%]
measured thg®Reical diffusion coefficients of Li-ions in polycrystalline NMC811 using both LEs and
SEs. In pae effective or chemical diffusion coefficient in polycrystalline NMC811 measured
with SEs w, to be about D=2.5-10"'2 cm?/s, which is more than an order of magnitude lower
than the Vag measured in the same material with an LE. This demonstrates the role of homo-interfaces
for Li-ion 'obilit,in CAMs for SSBs. Recently, single-crystal active materials have been proposed
for SSBs w. n order of magnitude higher chemical diffusion coefficient (D=2.5-10""" cm?/s).[?2!]
Corresponding siniilations with enhanced Li-ion mobility in NMC811 (light blue bar) predict a

significant increaggqdn specific energy, mainly due to much better utilization of NMC811. At I mA/cm?,

e theoretical specific energy can eventually be achieved. Internal CAM interfaces are
also include icure 1, but their relevance has not yet been discussed in detail in this context.

Nevertheless, the simulations demonstrate the importance of designing CAM particles with a defined
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microstructure. Another simple yet efficient strategy to reduce diffusion limitations is to reduce the
effective diffusion length. The simulations predict that complete lithiation of the CAM particles requires
a reductioqof the 'article diameter down to 100 nm. At 1 mA/cm? virtual cells using these reduced

CAM nparticlesademonstrate specific energies already close to the theoretical limit. However, the

processing paterials and the design of the corresponding cathode architectures might prevent the

application of small CAM particles.**! Still, reducing the CAM particle diameter to 2.5 pm was found
I

to provide gpecific energies of more than 90 % of the thermodynamic limit. At 10 mA/cm? the effect of

the Li chemjycal diffusion length is even more pronounced and the cell specific energy increases

ucing CAM particle diameter to 100 nm size, though it is still less than the specific
capacity of identigal cells operated at 1 mA/cm?. The simulations indicate that additional improvements

in material fran§pott properties are required at high current densities for ultrahigh specific energies close

to the theo its.

Composite i electronic conductivity. Another critical parameter, discussed in Section 7.3, is the
effective e conductivity and the connectivity of the CAM network in the cathode composite.
Note that tion of an interconnected network is one of the fundamental assumptions of the
model and gsmimtgiisically included in the calculations. The conductivity of NMC materials varies
between 108t S/cm depending on the lithium content.????! Even near the fully lithiated state, it is
ofthe s magnitude as the LLZO conductivity, which means that the electronic conductivity

does not lim tilization of the active material during most of the discharge cycle. In the thick

electro an average effective conductivity of krp = 2.3 - 1073 S/em (k) = 4.52- 1072 S/
cm, B = 2.3), the ohmic loss is only around 50 mV at 10 mA/cm?. Nevertheless, insufficient contact
between th@ CAM particles could increase the electronic resistance and lead to larger ohmic losses,
especially%current densities. This indicates that the primary, yet very important, role of

5
@

network to ize CAM utilization.??* The electronic conductivity of these materials should then

surpass thif:g ! 1 conductivity to improve performance at higher current densities.

Most of t reeg) bar in Figure 7.4 can indeed be attributed to improvements in the SE ionic

conductive

s or mixed ionic-electronic SEs discussed in Section 7.3 is to form a percolating

conductivi ' al.ll showed that self-textured growth of Ga-doped LLZO can provide improved
conductivities of @p to 2 mS/cm. The substantial increase in ionic conductivity to 0y 0rf = 2.5 -

107%S/cm (02, 2088 2 - 1073 S/cm, B, = Brore = 1.5) eventually allows to access more than 97% of

rgy at 10 mA/cm?. Yet, to gain the last few remaining percent of specific energy,
considerable gvements in the bulk SE ionic conductivity up to g2 ,0 =1-10"2S/cm are

required. These simulations suggest that full CAM utilization at high current densities in 3D composite
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electrodes is likely to be virtually impossible at room temperature for practical batteries. Nevertheless,

our case study provides guidelines for the development of new materials that could go beyond NMC811

and oxide-Fsed SF.
Summarizs of our calculations, we can conclude that the main limiting kinetic factors are

as follows: o cffective ionic conductivity in the SE matrix for composite cathodes with low
SE mas§h JIIeTati0; 27 (2) the resistance at the CAM/SE interface;!'** and (3) the low Li-ion chemical
diffusion ignt and long diffusion length in polycrystalline CAM particles.!'?!? This study

demonstratgs” th e material and processing optimization strategies outlined in this perspective
eventually Y ave the way to stable, safe LLZO-based SSBs with high specific energy at

commercimnt current densities.

8. Conclusiens and future challenges
In conclusj iled understanding and manipulation of both homo- and hetero-interfaces and

electrode mi ture in oxide-based SSBs is key to unlocking the full potential of this promising
class of mEthe full-cell level. Significant research efforts in material synthesis and processing,

as well as a analysis tools and modelling, are required.

At the matefial el, there are still myriad gaps in our knowledge of homo-interfaces (e.g., the grain

bounda d in Section 2) that limit the correlation between the processing, structure, and

properties of 70 SE. In-depth knowledge of the microstructural evolution of LLZO during

sinterin pressure-assisted sintering, could enable the tailoring of grain sizes and GB
properties to specific functionality in the cell, e.g., dendrite resistance in the case of the separator and
low GB ressance in the mixed cathode. For heterointerfaces, advanced processing techniques or routes

to obtain crysadliiie, clean interfaces with low Li-transfer resistances need to be further explored. While

the format @ condary phases can be suppressed to a significant extent, the evolution of the
SE/CAM interface during operation needs to be studied in terms of electro-chemo-mechanically
induced de@radation. The knowledge gained here can lead to remedial strategies, either at the materials

level, e.g., ‘a coatilgs or bulk dopants, or at the operational level of the cell, e.g., by limiting it to upper

or lower ¢ -potentials for charging and discharging.

In terms OEd analytical tools, it is of paramount importance to gain direct insight into the

electrochemic radation phenomena via in situ or even operando studies. While techniques that are

chemical environment, such as XPS, Raman spectroscopy, and NMR, are extremely
powerful, adeq model systems need to be developed that limit the complexity of the system and

allow the relevant dependencies to be extracted under operating conditions. While thin film cells can
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be fabricated using PLD, PVD, or CVD techniques, the challenge here is to avoid undesirable side
reactions and to ensure that the model interfaces are sufficiently similar to those actually fabricated
using indu'riallx rlevant techniques. Techniques that are insensitive to the chemical environment,
such ion beaugeSIMS, NRA, PIXE, PIGE) or neutron (depth profiling) based techniques, often have
han

be appliad directlz to working state-of-the-art cells. However, without the chemical information at a

significant es, such as quantification of Li and 2D or even 3D mapping capabilities, and can

resolution @ove the interface dimensions, they need to be combined with chemically sensitive

techniques and advanced modeling to obtain a comprehensive understanding of degradation phenomena

during opefation.

To tie expm observations and fundamental degradation mechanisms together, complementary
a

modeling s full range of scales, from the atomic to the component level, is required. While
simple DF al relaxation methods have dominated the computational landscape to date, a direct
dynamical using MD or a combined MC-MD approach is required to access relevant time
scales and neous complexity. In addition, interatomic potentials based on various machine-
learning m 1d be an effective way to predict chemical reactions and complex phase diagrams.
At the co evel, the main challenge is to incorporate the complex microstructures of mixed
cathodes effects on electrochemical and mechanical properties. By using reconstructed
microst al cells as input parameters for continuum modelling, electrochemical performance
and ele§vechanical stress evolution can be assessed on the component scale.

Validat odels both on the atomistic scale via interface sensitive techniques and on the

component scale via 2D and 3D mapping provides the necessary foundation for future material and

processingmnent, paving the way for high performance oxide-based SSBs.

Finally, ox @ d SSBs offer not only a dramatic increase in safety due to the non-flammable
electrolyte, B

NMC8 1ﬂ) Wh/kg with future conversion cathodes) compared to state-of-the-art commercial

LIBs.
H

The challenge of practically achieving these energy densities in real cells under high applied current

0 a dramatic increase in theoretical energy density (>500 Wh/kg with commercial

densities remains.

s described above, these issues depend on reducing and stabilizing the CAM/LLZO
interfacial ce, optimizing the CAM/LLZO 3D microstructure, and increasing the
ionic/el onductivity of the cathode composite to achieve higher current densities as the cathode
becomes t n addition, our modeling shows that the Li-ion diffusion length in intercalation

cathodes is more critical in SSBs than in cells with LE, because the SE will not flow to fill the cracks
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formed in the CAM particles as is done with a LE. Therefore, smaller CAM particles and/or thin films
are necessary to achieve theoretical energy densities for intercalation cathodes. However, this problem

can be circgvent,l for conversion cathodes with much higher theoretical energy densities.

O
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