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The garnet-type phase Li;La3Zr,0;, (LLZO) attracts significant attention as an
oxide solid electrolyte to enable safe and robust solid-state batteries (SSBs)
with potentially high energy density. However, while significant progress

has been made in demonstrating compatibility with Li metal, integrating
LLZO into composite cathodes remains a challenge. The current perspec-
tive focuses on the critical issues that need to be addressed to achieve the
ultimate goal of an all-solid-state LLZO-based battery that delivers safety,
durability, and pack-level performance characteristics that are unobtainable
with state-of-the-art Li-ion batteries. This perspective complements existing
reviews of solid/solid interfaces with more emphasis on understanding
numerous homo- and heteroionic interfaces in a pure oxide-based SSB

and the various phenomena that accompany the evolution of the chemical,
electrochemical, structural, morphological, and mechanical properties of
those interfaces during processing and operation. Finally, the insights gained
from a comprehensive literature survey of LLZO—cathode interfaces are used

1. Introduction

There is considerable interest in the
development of solid-state Dbatteries
(SSBs), which use solid electrolytes (SE)
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,
distinguished by the type of SE: oxides,
sulfides, halides, and polymers; each with
relative advantages and disadvantages that
impact their commercial viability.

The garnet-type Li;La;Zr,0;, (LLZO)
oxide is unique among this subset of SEs
due to its: 1) relatively high ionic conduc-

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

tivity up to 2 mS cm™ at 25 °C, which
can be tuned by doping elements;!
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2) processability in air; 3) high shear modulus compared
to lithium to physically stabilize the anode interface; and
4) wide electrochemical stability window extending from the
low potential of lithium metal to potentials higher than any cur-
rent commercial cathode. As a ceramic oxide, LLZO provides
unprecedented safety even at high operating temperatures,
and can enhance safety in combination with other SEs. This
unique combination of properties makes LLZO an attractive
candidate for the development of safe and robust SSBs with
potentially high energy density, provided it can be combined
with lithium metal anodes and high-energy cathodes. Some
previous reports have estimated theoretical densities of up
to >400 Wh kg! and >1000 Wh L! for garnet-based SSBs.?
However, practically achieved energy densities fall short of
these values, and there is still an ongoing debate about a
realistic estimate of theoretical energy density for practical
LLZO-based cell concepts.

The lithium metal anode has been intensely studied in
recent years and significant progress has been made in under-
standing the stability of LLZO/Li anode interfaces and lithium
stripping/plating behavior. The state of research is summarized
and analyzed in numerous reviews.?l Owing to these efforts,
Li/LLZO anode half cells capable of operating at 10 mA cm™2 at
room temperature with no applied pressures have been dem-
onstrated by the Wachsmant and Sakamotol® groups. These
high current densities were achieved at a cycling capacity of
0.16 mAh cm™ with a planar interfacel’! and in extended 3D
interface architectures more commercially relevant capacities
of 1.25 mAh cm™2, with in fact over 5 mAh cm™ demonstrated
at 2.5 mA cm 2. As such, the SSB cathode is becoming the
next frontier.

SSB cathodes, like Li-ion battery cathodes, are commonly a
“composite cathode” due to its 3D design consisting of a random
solid-state distribution of cathode active material (CAM) and SE
(in some cases also with a carbon additive).®! However, while
significant progress has been made in composite cathodes
using sulfide SEs, LLZO-based composite cathodes still lack
sufficient performance and processing technology. One of the
major reasons for the disparity in progress can be attributed to
the ease in composite cathode manufacturing using sulfides
(essentially compaction of mixed powders) compared to sin-
tering LLZO and CAM in a composite cathode 3D structure.
In fact, the cathode composite of oxide-based SSBs, its various
interfaces and the charge transport properties are the major
remaining challenges to enable high-performance LLZO-based
SSBs.

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, the total internal resistance
of a battery is defined by: 1) the total electronic/ ionic resist-
ance of the cathode; 2) the homo-ionic interface resistance
between the grains of the active cathode and anode materials;
3) the heteroionic interface resistance between the SE and the
CAM and SE and anode active materials (AAM), respectively;
and 4) the resistance of the SE. In contrast to a continuity of
LE resistance throughout the cell structure, for polycrystalline
SEs, such as LLZO, it is largely determined by the homoionic
interface resistance, e.g., grain boundaries (GBs), formed
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during densification. The unique role of GBs in the ion trans-
port distinguishes oxide-type SEs from soft and glassy (polymer
and sulfide) SEs. The other important differences arise from
the rigid nature of all interfaces in oxide SSBs and the need
for densification at high temperatures (typically >1000 °C) to
chemically bond the particles and transform them into dense
polycrystalline microstructures.

Figure 1 provides an overview of the numerous homo- and
heteroionic interfaces in an oxide SSB and of the phenomena
that accompany the evolution of the chemical, electrochemical,
structural, morphological, and mechanical properties of the
interfaces during processing and operation.

Given the key role of cathode composites in the advancement
of LLZO-based SSBs, the current perspective aims to discuss
the critical issues that need to be addressed to achieve the ulti-
mate goal of an all-solid-state LLZO-based battery that delivers
high energy density at practical charge/discharge rate without
degradation. As analyzed in benchmarking studies, competi-
tive SSB cells should be able to achieve current densities up to
10 mA cm~2, which, together with energy efficiency require-
ments, leads to an internal cell resistance of less than
30 Q cm?! How this translates into material and structural
requirements for a high-performance LLZO-based cathode
composite is the main focus of this perspective. Our perspec-
tive complements existing reviews of solid/solid interfaces, with
more emphasis on understanding interfacial phenomena. We
do not address the phenomena related to Li*/H* exchange in
LLZO, which is discussed in a recent comprehensive review.™!

We summarize the current 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 development. Both experi-
mental and theoretical advances are addressed, and prospects
for linking these two complementary sets of tools are identi-
fied. Since good interface kinetics is key to fast charge and dis-
charge steps, we focus on the mechanism of charge transfer
across interfaces in LLZO-cathode half cells and on degradation
processes during processing and operation. To identify critical
bottlenecks, we draw a comparison with other SEs and also
consider hybrid cathode composites containing a small fraction
of liquid, gel or polymer electrolytes.

Our review is organized into seven topical sections that
address solid electrolyte GBs in Section 2, the formation
of SE/CAM interfaces during processing in Section 3, the
behavior of SE/CAM interfaces during operation in battery
cells in Section 4, the comparison with the other types of SEs
in Section 5, and the approach of influencing poor interface
kinetics through the formation of hybrid composites with
non-solid components in Section 6. The insights gained
from the literature on the interfacial properties are then used
for the calculation of SSB energy density and rate capability
and a detailed analysis of the prospect for oxide-based SSBs
in Section 7.

2. Internal Electrolyte Interfaces

SE transport properties, across the dense separator layer and
in any SE extending into the electrode structures, affect the cell
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Figure 1. Overview of homo- and heteroionic interfaces in an oxide SSB and the phenomena that accompany the evolution of chemical, electrochemical,
structural, morphological, and mechanical properties of the interfaces during processing and operation. White circles symbolize the pores.

resistance and ultimate performance. Therefore, to minimize
the SE network resistance, it is necessary to understand the
correlation between processing, microstructure, ion conduc-
tion, mechanical properties, and cell performance. Traditional
solid-state synthesis of LLZO solid electrolytes consists of
two steps:[®l powder synthesis by calcination and then den-
sification by high temperature (>1000 °C) sintering, which
also chemically bonds particles resulting in a polycrystalline
microstructure. Typically, the goal is to achieve relative densi-
ties >95%. Understanding the underpinning mechanisms that
control the evolution of oxide electrolyte particles into dense
polycrystalline microstructures is necessary to develop viable
LLZO-based components.

To understand the microstructural evolution, ideally in situ
analyses should be used to characterize the evolution of parti-
cles into grains and GBs in polycrystalline microstructures. In
situ analyses are however exceptionally challenging to conduct
and as a result data are limited. As an alternative to in situ
analyses, there have been numerous ex situ analyses that use a
broad range of characterization approaches and tools to extrap-
olate and understand how variables such as densification time,
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 can affect grain morphology, stability,
mechanical and transport properties. Therefore, the role of
lithium loss, dopant type and concentration on the microstruc-
tural evolution are discussed. These experimental data provide
guidance for theoretical studies to better understand lithium-ion
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conductivity in grains and in poorly understood GBs. Figure 2
provides experimental and theoretical insights into the phe-
nomena that occur at the atomistic, microstructural, and
macroscale.

2.1. Grain Boundaries in Garnet Phases and Evolution
during Processing

2.2.1. Effects of Processing on Grain Boundary Structure
and Composition

Although challenging to achieve due to the complex struc-
ture of LLZO and its sensitivity to air and electron beams, ex
situ observations of individual GBs have been accomplished.
Through TEM, EELS, EDX, EBSD, and X-ray Laue diffraction,
these few studies have suggested some of the general proper-
ties, structures, and morphologies of GBs in LLZO. Wolfen-
stine et al."® and, more recently, Liu et al.'% observed that
LLZO has a thin GB (=1.5 nm) without evidence of amorphous
or secondary phase formation. However, Kumazaki et al.'®l and
Basappa et al.”l observed that LLZO GBs contain secondary
phases and are wider than the previous two studies. Hints
for secondary phases are also found in classical molecular
dynamics (MD) and Monte Carlo (MC) simulations.¥ Li and
O co-segregation at the GBs were observed, which indicates
potential formation of new lithium-rich secondary phases at
the GBs. The formation of secondary phases and the differ-
ence are likely due to variations in sintering and densification
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Figure 2. Internal interfaces cross-cutting relationships between experimental and theoretical techniques across multiple length scales. From top left,
clockwise: Diffraction techniques to analyze atomic positions; Reproduced with permission.’l Copyright 2020, ACS. Transmission electron microscopy
of LLZO grain boundary triple points; Reproduced with permission.'] Copyright 2021, Springer Nature. Electrochemical impedance spectroscopy
of LLZO with lithium indium and lithium cobalt oxide electrodes; Reproduced with permission.["l Copyright 2022, ACS. Virtual cell with lithium and
LLZO/LCO composite electrodes for continuum simulations; Reproduced with permission.'”l Copyright 2018, ACS. Grain and phase field modeling
of LLZO; Reproduced with permission.®l Copyright 2021, Springer Nature. And atomic level modeling of LLZO and LLZO/electrode interfaces.l

parameters, such as pressure, doping, and particle coating, as
discussed in more detail below. Through the use of TEM, it
has been observed that samples densified without applied pres-
sure have secondary phases (e.g., ternary Li-Al-O phases) in the
GBs, while those sintered under pressure often do not.101>1]
The presence of secondary phases seems to be independent
of the fact that the densification temperature was above the
lithia-alumina eutectic.'%®) However, due to the small number
of studies performed, further work is necessary to verify this
conclusion. Secondary phases may be absent from the GBs of
LLZO processed under pressure due to the shorter required
densification time for pressure-assisted methods (less than
one hour for rapid induction hot pressing (RIHP) and spark
plasma sintering (SPS)!¥)). With increasing densification time
at the temperatures used for sintering, the so called “lithium
loss” (due to sublimation of lithia or reactions with the sub-
strate or setter material) increases, and so does the evolution
of secondary phases. Another contribution to the formation
of secondary phases could be the effect of relative density, as
porosity and secondary phases tend to 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 pro-
cessed under pressure. However, while pressure can enhance
densification, current pressurized sintering techniques are
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batch processes and therefore not as scalable as pressure-less
densification. Therefore, insights gained through pressurized
densification should ideally be translated to advance pressure-
less sintering.

2.2.2. Ex Situ and Computational Analysis of Grain Boundary
Orientation

Using electron backscatter diffraction (EBSD) and X-ray Laue
diffraction, Cheng et al.?% (pressure-less densification) and
Sharafi et al.l?!l (pressure-assisted densification) showed that
LLZO consists of random GB misorientation distributions
and similar misorientation angle averages (=39°). Random
misorientation in pressure-assisted sintering was also con-
firmed 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 independent of pressure and per-
haps temperature. However, it is also possible that the crystal
structure affects misorientation, e.g., misorientation angles
may be less affected in a cubic crystal system such as in LLZO
compared to less symmetric crystal systems.

Recent theoretical studies have provided additional insights
into GB structures and orientations that can inform and
guide the experimental investigations. While direct modeling
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of sintering and processing behavior is one approach, it has
generally not been pursued to build models of GBs in LLZO.
Instead, atomic-scale simulations have focused on identi-
fying possible GB structures as well as analyzing the effect
of GBs on transport properties. Atomistic modeling of LLZO
GBs has generally focused on highly ordered structures. For
example, Yu and Siegel investigated coherent symmetric tilt,
low-energy GBs of LLZO using classical MD and MC simu-
lations."® Using a similar computational approach, Shiiba
et al.?Z surveyed additional GB configurations using MD.
Even for these narrow, well-defined GB types, the authors
found that the atomic arrangements within the GBs can
differ drastically from the crystalline grains with certain ori-
entations, e.g., 23(100) x (2-12), closely resembling a locally
amorphous arrangement. Lithium-deficient regions were
generally observed at the GBs, which could be responsible
for the lower lithium-ion conductivities. In addition to these
well-defined GB orientations, Heo et al.l’¥l recently adopted a
different approach by representing the atomic rearrangement
in the interior of generic high-angle GBs with a range of
disordered structures generated from MD simulations using
a melt-and-quench technique. The authors also tested dif-
ferent densities and Li concentrations to account for potential
variations in Li distribution and atomic spacing at the GBs.
These disordered models reflected the atomic-scale character-
istics of incoherent GB structures, keeping LaOg and ZrOg
polyhedra intact while reorienting and disordering their lat-
tice arrangements. The different local arrangements also
gave rise to a broad distribution of local transport behavior,
thus suggesting a connection between local atomic struc-
tural environments and lithium-ion mobility. Alongside this
computational analysis, it is suggested that further TEM and
EBSD analyses could be used to validate these models and
provide a broader view of the range of possible local atomic
arrangements within GBs.

Additionally, space charge layers (SCLs) might play a role in
the transport across the GBs. Continuum models for ceramic
materials have been transferred to Li-ion conducting solid elec-
trolytes!??l to correlate material properties with SCL thickness,
capacity, and resistance.?3#?4 However, the effect of the GB
orientation and the complex dependence on local atomic struc-
tural environments in the SCL on the lithium mobility242%]
and resulting effective GB conductivity has not been considered
in the models.

Owing to the complex nature of grain boundaries, it will also
be important to integrate the influence of processing condition
in the analysis, in particular with respect to Li,O vapor pressure
during calcination and densification.

2.2.3. Microstructural Evolution

In order to mitigate lithium dendrite penetration, enable thin
film fabrication, and develop viable composite cathodes, it is
important to understand how processing affects microstruc-
tural features. Specifically, the various important aspects of
the LLZO microstructure can be categorized as: 1) grain size;
2) LLZO volume fraction; 3) percolation factor; 4) constriction
factor; and 5) geometric tortuosity.[2¢!
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Ex situ observation have been widely adopted by experimen-
talists to investigate the grain/grain-boundary microstructure of
LLZO, which include SEM fractography and particle size anal-
ysis, geometric density measurements, XRD, and EDX.[19%:20.28]
Computational techniques have also been adopted to estimate
the above-mentioned effective properties and compare with
experiments,?>3% which can be broadly divided into the fol-
lowing categories:

1. Image-based reconstruction of the LLZO microstructure,
which uses X-ray computed tomography, or focused ion
beam scanning electron microscopy (FIB-SEM).[2627:31]

2. Random addition of spheres representing cathode and SE
domains.B?

3. Discrete element-based methodologies.*!

Phase field-based techniques.*4

5. Monte Carlo-based computational schemes.

H

3]

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 scale.[26¢33]

Microstructural features form during densification, so a
fundamental understanding of densification mechanisms
and the processing/microstructure relationship is necessary
to maximize performance and enable manufacturing. While
there are many different processing parameters that can affect
the microstructure and the GBs, the focus in this section is on
pressure, temperature, time, and particle size. Since it is known
that LLZO formulation affects densification behavior, there
is a separate discussion on the effect of chemical formula in
Section 2.1.4. It is also important to note that all of these pro-
cessing effects are intertwined; thus, future works that aim to
decouple the varying effects of the processing parameters will
prove useful in increasing the understanding in the aspects
that affect internal interfaces.

While pressure-less densification is successful in ceramic
processing, it often comes with microstructural challenges for
LLZO. These include incomplete sintering/densification, GBs
that are weak resulting in intergranular fracture, lithium loss
and secondary phase formation, all of which are detrimental to
conductivity.[16:20:284.36] pressure-assisted densification methods,
such as RIHP, SPS, and hot isostatic pressing, were investi-
gated to improve microstructural homogeneity and quality.
These methods are often, though not always, successful in
creating higher relative density samples (> 97%) with low GB
resistance, thereby lowering the resistance of the cells.[19-21:28:36]
However, as observed by Cheng et al.?% and Sharafi et al.,?!l
pressure-assisted densification often produces samples with
smaller grain sizes due to their 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-assisted methods applied is
also a variable.[192:28¢]

Temperature and time are two other major factors in pro-
cessing that can have significant effects on the resulting
microstructure. If the temperature is low and the heating time
is short, lithium loss is minimized, but densification can be
incomplete. If the temperature is high and heating time is
long, densification increases, grain boundary resistance can
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decrease, but lithium loss resulting in impurities can be sign
iﬁcant.[l9a,28c,d]

The particle size also plays a role in determining the micro-
structure. Generally, smaller particles sinter and densify at lower
temperatures compared to larger particles.'%#2028 During
sintering the smaller particles often grow to larger grains,
due to their increased curvature. Therefore, smaller particles
potentially allow for both a decrease in lithium loss and a reduc-
tion of GB area. However, it is important to note that all these
studies observed conventional sintering. In pressure-assisted
methods, smaller starting particles lead to smaller grains, e.g.,
comparison between works by Jeff et al.’¥l and by Wolfenstine
et al.”® This difference could be due to the pressure that leads
to near immediate densification compared to conventional sin-
tering or to the decreased sintering/densification times used in
pressure-assisted methods compared to conventional sintering.
This shows that sintering and densification processing param-
eters are intricately connected.

In order to better understand the influence of mass transport
mechanisms on the evolution of LLZO particle microstructure
observed at elevated temperatures, multiple-phase field based
computational models were developed, where the sintering
was assumed to consist of interparticle boundary formation,
neck growth, and internal pore shrinkage.®3% Not only dif
fusion induced flow of matter, but also advective mass trans-
port due to rigid body motion was taken into account. Wood
et al.?) concluded that smaller particles tend to densify quickly,
which was well corroborated by experimental observations.
Particle size distribution also influences the extent of densifica-
tion, where bimodal size distributions, containing small-sized
particles and large size ratios between the larger and smaller
particles, led to better elimination of internal porosity.®l Sim-
ilar conclusions were drawn in another recent phase-field
ceramic sintering study that also incorporated an experimen-
tally informed particle size distribution.*’! The authors also
investigated the influence of interface properties on sintering
kinetics, suggesting a faster densification kinetics for larger
surface energies and larger diffusivities for surface and GB dif-
fusion, and a slower densification kinetics for larger GB energy.
Although the study used generalized parameters, such sensi-
tivity analysis may guide the selection of dopants for reducing
sintering temperature of LLZO.

It has also been computationally observed that adoption of
graded particle morphology, with large particles at the center
and smaller ones near the periphery, can help to better den-
sify the LLZO samples.®l Increase in grain size during the
densification process depends substantially on the initial
powder particle sizes. For relatively larger micron-sized
particles, no major grain growth occurs.l However, small
cubic-LLZO particles can experience substantial grain growth,
which can be easily captured using the existing phase field-
based computational methodologies.®l

While the sintering process directly determines the
microstructure of the electrolyte, the calcination process influ-
ences the microstructure by determining the initial morphology
of LLZO particles. Therefore, investigation on the calcination
process would be beneficial for understanding the microstruc-
ture evolution of the sintered body. Detailed computational
modeling of the reaction-sintering that occur during calcination

Adv. Energy Mater. 2023, 13, 2201939 2201939 (6 of 34)

www.advenergymat.de

has not been attempted yet. Comparison with the experimental
results reveals that the activation energy during calcination is
smaller than the activation energy barrier observed during den-
sification, which alludes to the faster mass transport observed
during the reaction-sintering (or calcination) process.!®!

2.2.4. Chemical Effects

The cubic garnet Ia3d space group can accommodate a broad
range of elemental compositions and interstitial site occu-
pancies, many providing fast Li-ion conductivity. Some of the
most common compositions differ from LLZO by substituting
the zirconium or 16c Wycoff position with tantalum(*? or nio-
bium, ! or substituting interstitial lithium with aluminum!*4
or gallium.! Typically, the substitution on the 16¢c site does
not lead to large grains compared to formulas consisting of
lithium substitutions, as is the case with aluminum and gal-
lium. Owing to the high bond energy of metal oxides, doping
with Ta,O5 and Nb,O5 may not form melt phases at typical
densification temperatures (<1250 °C), while Al,0; and Ga,0,
may react with Li-ions to form liquid phases during sintering.
The presence of the melt phase during densification may
be the cause for abnormal grain growth as liquid phase sin-
tering is enabled. For example, Jin et al.*®! observed that in
aluminum-doped LLZO, a liquid phase fills and conforms 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. It was suggested that the aluminum dopant
reacted with oxygen and lithia to make a liquid phase that
was expelled or present at GBs. Building upon this notion,
Cheng et al.l*l analyzed aluminum segregation at GBs using a
variety of analytical techniques. It was suggested that the alu-
minum present at GBs during densification accelerated grain
growth to the extent that relatively large grains formed. Sim-
ilar behavior was observed in the gallium-doped LLZO system.
Li et al.’ and Su et al.*®4 studied abnormal grain growth
in gallium-doped LLZO and determined that >100 um grains
formed regularly during sintering. Similar to aluminum-
doped LLZO, it was proposed by Shinawi and Jaanek*! that
lithia reacts with gallia to form a molten phase that enhances
grain growth kinetics.

Another experimentally observed phenomenon that substan-
tially limits the conductivity of sintered LLZO is a lithium loss
due to evaporation of lithia from the surface at higher tempera-
ture with the formation of a passivating lanthanum-zirconate
phase.’l Usually, the pellets or tapes being sintered are cov-
ered with extra LLZO or Li,CO; powder to avoid the lithium
loss from the surface. In an attempt to mitigate the impact of
lithium loss and avoid the use of valuable material as mother
powder, dopants have also been used to stabilize the structure
and compensate for lithium loss during sintering,¢* but with
limited success. Not only does lithium loss change the chemical
composition, but volatile lithium compounds (mainly Li,O
vapor) also have an influence on the LLZO sintering mecha-
nism: a vapor-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.*’!
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3. Solid Electrolyte/CAM Interface during Processing

Due to their rigid nature, sintering is generally required to
establish intimate contact between the garnet-type SEs and
CAMs.P3 Therefore, understanding the chemical stability and
thermomechanical compatibility between these materials at
elevated temperatures is essential.

3.1. Diffusion and Phase Formation during Sintering

The thermodynamic stability of combinations of LLZO and
various CAM phases has been studied both theoretically using
DFT calculations® and experimentally (Table 1). Generally, the
theoretical predictions on the stability trend of the CAM toward
LLZO are consistent with experimental observations. For
example, the driving force for LLZO reacting with LiCoO, (LCO)
and LiNij;3Mn;;3Co130, (NMC) is calculated to be 1-2 meV
per atom at 0 K, much lower than those for reactions with
LiFePO, (LFP) (94 meV per atom) and LiMn,0, (LMO) (63 meV
per atom),’% indicating that the interfaces of LLZO with
LMO and LFP CAMs are less stable than with LCO and NMC.
In a notable experimental study,’”! Ren et al. used surface-sensi-
tive techniques such as Raman spectroscopy and XPS to detect
minor reactions between Ta-doped LLZO and LCO or NMC
when the powder mixture was cosintered at/above 700 °C. In
contrast, LMO and garnet decompose completely when cos-
intered above 500 °C forming various ternary La and Li metal
oxides (La;,MnOs, La,Zr,0, Li,Mn,03), and LFP and LLZO
decompose when cosintered above 500 °C also forming various
products (iron oxides, Li;PO,, La,Zr,0,). Miara et al.’®d per-
formed DFT calculations on Ta-doped LLZO and high-voltage
spinel cathodes such as Li;)NiMn;Og (LNMO), LiFeMn;Oq
(LEMO), and LiCoMnO, (LCMO) and found mixing energies
between 25and 60 meV per atom at 800 °C, suggesting reac-
tions are favorable at high temperatures. These results corrobo-
rated their experimental observations that garnet/spinel powder
mixtures decomposed even at 600 °C, with formation of such
products as LiCoO,, LiFeO, and NiO in LCMO, LFMO and
LNMO, respectively. The formation of LCO as a stable product
is consistent with previous studies, further suggesting that
LCO is more stable for a co-sintered CAM than spinels when
used with LLZO. With regard to the reactions initiated by Li
loss, elevated temperatures above 1000 °C have been shown to
induce Li loss in LLZO,® leading to the formation of resistive
phases such as La,Zr,0; and La,0;. These decomposition prod-
ucts were also computationally predicted to form when LLZO
is in contact with delithiated LCO (Liy5C00,),®! suggesting
that minimizing Li loss from LLZO is critical in preventing the
formation of resistive interfaces.

To date, LCO has been indicated as the most thermally stable
CAM to cosinter with cubic LLZO. Generally, the intrinsic reac-
tion 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 color change
of the garnet, i.e., from white to blue or green (Figure 3b),’> %%
it is superficial and sluggish/self-limiting within the tempera-
ture range associated with co-sintering of LCO and LLZO. The
reaction can only be identified by surface/interface-sensitive
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characterization techniques such as Raman spectroscopy and
XPS,l TEM-EDS®) and TOF-SIMSI®? after treatment at lower
temperatures, e.g., 700 °C. Even upon sintering at 900 °C for
10 hB 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 and Al-LLZO after the
powder mixture was annealed up to 800 °C (Figure 3c), and
the electrochemical performance of LCO showed no essen-
tial difference compared to nonannealed LCO in an organic
electrolyte, suggesting no change of the bulk structure of the
materials.

However, while a general trend of the chemical compat-
ibility between LCO and LLZO is outlined above, reports differ
on the specific reaction products and the reaction onset tem-
perature (Table 1). For example, Park et al.l’?l observed that the
major resistive phase formed by annealing powder mixtures of
LCO and Al-doped LLZO at 700 °C was the tetragonal LLZO
phase, which was created by diffusion of the Al dopant from
Al-LLZO into LCO (Figure 3d). Zhang et al.>%¢! detected signifi-
cant amounts of La,Zr,0; and LaCoO;3 by XRD in the powder
mixture of LCO and Ta-LLZO after sintering at 600 °C. Using
Al-doped LLZO and LCO thin films, Vardar et al.¥l found inter-
diffusion of Co and La and structural changes at the interface
started at temperatures as low as 300 °C, forming LaCoO;,
La,Zr,0; and Li,CO; at 500 °C as identified by synchrotron
XRD and XAS (Figure 3e). Computational models have helped
to elucidate the nature of the LLZO/LCO interface, where pre-
vious studies have mostly focused on constructing interface
models based on specific orientations of the solids, notably
the low-energy surfaces. For example, Jand and Kaghazchil”?!
reported a DFT evaluation of the electronic and atomic structure
of the cubic-LLZO/LCO interface based on the LLZO(001) and
LCO(10-14) orientations. It was concluded that Li ion accumula-
tion at these interfaces is energetically favorable, and that large
biaxial compressive strain associated with lattice mismatch
between the electrolyte and cathode led to reconstruction of the
LLZO surface. These models indicate the cross diffusion of Co
into LLZO and La/Zr into LCO. To the contrary, DFT calcula-
tions of the LCO(104)/LLZO(001) interface by Okuno et al.>f]
showed that all cation exchanges between LCO and LLZO were
endothermic, indicating a thermodynamically stable interface.

Though further investigations are needed to clarify the rea-
sons behind these various discrepancies, insights can still be
gained by analyzing the literature experimental results and
identification of subtle differences in sample compositions and
processing conditions. In the study by Park et al.,l®?l the forma-
tion of tetragonal LLZO phase was caused by the loss of the
cubic-phase-stabilizing element, aluminum, a side reaction that
was essentially independent to the intrinsic reaction between
LCO and LLZO. Putting aside this side reaction, the elemental
interdiffusion between LCO and LLZO was still minor as con-
firmed by TOF-SIMS, a result consistent with the general trend
summarized above. In the studies by Zhang et al.’%l and Vardar
et al.,[*l the lower onset temperature for the reaction between
LCO and LLZO compared to 700 °C reported by Ren et al.’’]
and other researchers suggested a higher reactivity. Note that
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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Table 1. Summary of experimental investigations on the thermal stability of garnet-type SEs and cathode active materials.

Cathode active Garnet composition Interface formation Onset reaction Detection method Reaction products Refs.
material (CAM) method temperature (secondary phases)
LiCoO, LigBaLa,Ta,04, Powder mixing Stable up to 900 °C XRD Not detected [59]
LiNiO, 400-600 °C La,LiTaOg, La,03, Ta,0s, Liy,NiO, 5
LiMn,0, La,LiTaOg
Li,MMn;0q La,LiTaOg
(M = Fe, Co)
LiCoO, Li;La;Zr,05, PLD cathode thin film 700 °C2) TEM/EDS/NBD La,CoO, [60]
on garnet pellet
LiCoO, Lig 7sLasZry 75Nbg 2501, PLD cathode thin film  Stable at 600 °C2 ~ SEM/EDS mapping Not detected [43a]
on garnet pellet
LiCoO, Al,O3-added Li;La;Zr,0, Sputtered cathode thin  Stable at 500 °C? XRD, Raman Not detected [61]
film on garnet pellet
LiCoO, Lig7sLasZr 75Tag 2501, Powder mixing 600-700 °C XRD, optical micros- LaCoO; [57]
copy, Raman, XPS
Li(NiCoMn); 50, LaCo,_Mn,0; (x < 0.4)
LiMn,0, 400-500 °C XRD Lig ssMny 7804, Li,MnOs, La,Zr O, 5,
La;_,MnOs . s LayZr,0;
LiFePO, Li3POy, LayZr,0;, Fe, La,Zr Oy 2
LiCoO, Al-doped Li;La3Zr,0r, Powder mixing or 700 °C?) XRD, ToF-SIMS, TEM/  Tetragonal Li;La3Zr,0,,, interdiffusion [62]
cathode powder on EDS mapping, electro- of Al, Co, La and Zr
garnet pellet chemical (de)lithiation
LiCoO, Lig 25Alg 25La3Zr,05, Powder mixing Stable up to 800 °C  XRD, electrochemical Not detected [63]
(de)lithiation
LiMn,O4 500-600 °C Li,MnO;, La,Zr,0;, LaMng 04
LiFePO, 300-400 °C Li;POy, LayZr,0,, Fe, LaPO;
LiCoO, Al-doped Li;La;Zr,0;,  Sputtered cathode thin <300 °C XRD, SEM, XRR, TEM, LaCoQ;, LayZr,0;, Li,CO4 [64]
film on garnet pellet XPS, SIMS, EDS,
HAXPES, XAS, EIS
LiNiggCog,Mng,0, Al-doped Li;La;Zr,0;,  Sputtered cathode thin 500 °C XANES, EXAFS, XRD, La(Ni,Co)Os3, La,Zr,0;, Li,CO; [65]
film on garnet pellet EIS
LiNiggCog,Mng,0, Al-doped Li;La;Zr,0y,  Sputtered cathode thin Stable up to 700 °C XAS, XRD, EIS Not detected [66]
film on garnet pellet in oxygen
LiCoO, Lig75LasZr 75Tag 2501, Powder mixing by ball 500-600 °C XRD La,Zr,0, [56¢€]
milling
Li(NiCoMn); 50, La,Zr,05, LaNiO;
LiNig4C0,Mng,0; Lig.4LasZr, 4Tag ¢On, Powder mixing 700-750 °C In situ HT-XRD LaNigsMng 505 67]
LiCoO, Lig.25Gag 25LasZr,04, Sputtered garnet- 700 °C XRD La,Zr,0, [68]
cathode thin film stack
LiCoO, Li;La, 75Cag 25211 75Tag 2501, Sputter cathode thin 800 °C XRD, ToF-SIMS Tetragonal Li;La;Zr,04, [69]
film on garnet pellet
Li,CoMn;0g LigLasNb; sYo 501, Powder mixing 400-600 °C XRD LiLaNb,0;, LiLa,NbOg [70]
Li,FeMn3;Oq
Li;NiMn3;Og LigglasZr ¢Tag 401, Powder mixing 400-600 °C XRD, TG/DTA Li,MnOs3, La,Zr,0;, LaMnO;, NiO [56d]b)
Li,FeMn;Og Li;MnOs3, La,Zr,0;, LaMnOs, LiFesOg,
LiFeO,
LiCoMnQO, Li,MnO3, La,Zr,0,, LiCoO,
LiCoMnQ, LisLa;Ta,0q, Powder mixing 600-650 °C XRD Li,MnO; [71a]
LiCoO, Tetragonal Li;La;Zr,05, Powder mixing 600 °C XRD La,LigsCog 5O, [71b]

AThe only temperature used in vthe study; ®Only the reaction products after annealing at 800 °C are shown here. The reaction products after annealing at 600 °C are sec-

ondary garnet phases and Li,MnO; for all three cathode active materials.
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Figure 3. a) Cross-sectional TEM image of an LLZO/LCO thin film interface and the EDS line profile obtained from the region indicated by the red
arrow in the direction A-B. The broken red lines indicate the reaction layer at the LLZO/LCO interface. Reproduced with permission.[®% Copyright 2011,
Elsevier. b) Optical micrographs and photos (inset) of LLZTO(1)+LCO(2) powder mixture pellets annealed at different temperatures. Reproduced with
permission.’] Copyright 2011, Elsevier. (c) Variation of the lattice constants of Al-LLZO and LCO in the powder mixtures after annealing at different
temperatures, plotted based on the data in Table 1 of the reference.%3l d) TOF-SIMS-enabled 3D Al elemental mapping of the 700 °C annealed LCO/
LLZO interface that is shown in the SEM image. Reproduced with permission.®2 Copyright 2016, American Chemical Society. (e) Illustration of the
crystal structures in the vicinity of the LCO/LLZO interface (left) and the corresponding O K-edge X-ray absorption spectroscopy data (partial fluo-
rescence yield mode) for LLZO, LCO, and 60 nm thick LCO film on LLZO in the as-deposited state and after annealing at 300 °C and 500 °C (right).
Reproduced with permission.[l Copyright 2018, American Chemical Society.

higher reactivity. Ball-milling has recently been reported to be
detrimental to the layered structure of NMC442.Y Moreover,
the reduced particle size and increased contact area between
LCO and LLZO after ball milling could also amplify the reac-
tion by generating more superficial reaction products. In
Vardar’s work,®¥ the as-deposited LCO at room temperature
showed low crystallinity in TEM/SAED analyses, which could
also exhibit higher reactivity with LLZO similar to the LCO
particles with mechanically damaged surfaces. Park et al.®
demonstrated that in situ synthesis of LCO via the solid-state
reaction of Li,CO; and cobalt acetate on the LLZO surface could
more easily degrade the LCO/LLZO interface compared to co-sin-
tering with crystalline LCO. The higher reactivity between LCO
and LLZO was also observed in other studies of in situ forming
LLZO on LCO.727] Uhlenbruck et al.”? investigated the interac-
tion between LCO and in situ formed Ta-LLZO using sputtering
or water-based microemulsion mediated synthesis. Their results
generally suggest that a higher apparent reactivity between LCO
and LLZO is due to premature lithium loss during LLZO for-
mation, either via evaporation or diffusion into the substrate.
In either case, the resulting lithium loss would change the stoi-
chiometry of the reactants, driving the reaction to form other
competing phases such as La,Zr,0; and LaCoO;. 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
also be more affected by the thermodynamic stabilities of com-
peting phases and instead form resistive phases. It is interesting
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to note that Li,COs, a form of Li loss from the bulk phase, was
observed to form at the LCO/LLZO interface prior the high-
temperature treatment in the studies by Park et al.l® Zhang
et al.,’%! and Vardar et al.l* Consequently, La,Zr,0; and LaCoO,
were detected as the main reaction products in these studies. The
results obtained in these studies corroborate the work by Uhlen-
bruck et al. and show that the higher reactivity between LCO and
LLZO is directly related to the higher interfacial energy.

Indeed, if the surface energy of the precursors for synthe-
sizing the LCO/LLZO interface is reduced, less reaction would
occur. Wakayama and Kawai® successfully synthesized an
LCO/LLZO composite with nanoscale microstructure using a
self-assembled block copolymer structure as a template. The
composite with LCO content of 90% and above exhibited no
impurities in XRD and HR-TEM/EDS, indicating that reactions
between the LCO and LLZO precursors condensed in different
polymer blocks were suppressed. The SSBs with composite
cathode containing 90% LCO and PEO-based electrolyte oper-
ated at 50 °C exhibited clear cathodic and anodic peaks in cyclic
voltammograms and a near theoretical discharge capacity of
134 mAh g7! in the first cycle at 0.05 C with a 99% Coulombic
efficiency for 20 cycles.”% Ren and Wachsmanl®! demonstrated
that a thin alumina interlayer can effectively prevent reaction
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 mechanism
upon interlayer insertion from interfacial energy dominated to
volume strain energy dominated.
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Given the numerous concerns over the use of cobalt,
NMCs can drastically reduce cobalt use and facilitate higher
energy densities than LCO, hence demonstrating its chemical
compatibility with LLZO is of more practical interest. Yet this
topic is poorly studied and is usually associated with compar-
ison with LCO.%¢857%] As a layered structure analogous to
LCO, NMC generally exhibits a similar reaction mechanism
when interfacing with LLZO, except that the reaction product
between NMC and LLZO could be La(Mn, Co)O;,*”! LaNiO;,56¢!
or La(Ni, C0)0;.% DFT calculations of the NMC(10-10)/
LLZO(100) interface by Zhang et al.’®! with a considerable
lattice mismatch of =~8.3% revealed that the Ni-La/Li (in LiOg)
exchange near the interface were favorable, while the Mn/
Co-La/Li exchange is much less likely. However, the specific
compound has yet to be directly confirmed because of the lim-
itations of solid/solid interface analysis (Table 1). Besides the
unexplained reaction products, there are also differences in
reactivity between NMC and LLZO in the published reports,
with discrepancies likely having similar causes to the reported
discrepancies in reactivity between LCO and LLZO. In addition,
there is also disagreement in the same reports as to whether
NMC or LCO has higher reactivity with LLZO. For example,
studies by Ren et al.’”) and Zhang et al.’% on powder mixtures
of NMCI111 and Ta-LLZO suggested a slightly lower NMC sta-
bility than LCO. Conversely, the study by Yildiz's group on in-
situ formed NMC622 thin films on Al-LLZO found a distinctly
higher NMC stability than LCO based on the reaction onset
temperature.l®*®] Clearly, more experimental work is needed
to elucidate the discrepancy. A more recent study by Yildiz's
groupl® on the NMC622/Al-LLZO system found that the
annealing atmosphere could be a factor affecting the thermal
stability between NMC622 and Al-LLZO, with O, being most
favorable for achieving high stability, followed by N,, while CO,
and H,O should be avoided. Besides the effect of the fabrica-
tion approach used to create the electrode/electrolyte interface,
another potential focus could be the effects of composition, i.e.,
ratio of transition metals (TMs) in NMC and dopant in LLZO,
on interface reactivity. Additionally, mismatch in the coeffi-
cients of thermal expansion (CTE) between the cathode and
electrolyte materials will induce interface strain during co-sin-
tering, which may also play a role in the reactivity.”’!

The disagreement on the reaction products and the onset
temperature between different studies suggest that the practical
stability between CAMs and LLZO SEs depends on the specific
processing conditions and thus cannot be accurately predicted
solely by thermodynamic calculations; kinetics studies are
therefore necessary. Current computational models do not typi-
cally incorporate the interdiffusion of ions and formation of the
passivation layer between cathode and LLZO at high tempera-
tures. During co-sintering, to capture the necking, void removal
and densification of the cathode composites, detailed 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 heter-
ogeneous reactions at interfaces, which should also depend on
the interface energy between the CAM and LLZO. GB mobility
must also be modeled to capture grain growth phenomena,
which is influenced by the presence of dissimilar phases.”8! The
relative location of the cathode and LLZO particles and their

Adv. Energy Mater. 2023, 13, 2201939 2201939 (10 of 34)

www.advenergymat.de

size distribution can influence contact at the CAM/SE inter-
face.’®” Simulation of the interdiffusion process at elevated
temperatures also requires prediction of the ionic mobility as
a function of the Gibbs free energy of the mixture, defined as
a combination of the ideal and non-ideal interactions between
the CAM and SE.[8%

3.2. Mechanical Stability during Sintering and Cooling

As mentioned in Section 3.1, the high-temperature cosintering
process will lead to interfacial strains due to the CTE mismatch
of the CAM and LLZO particles.®!l More specifically, the CTE
mismatch leads to differential volume change and subsequent
evolution of interfacial stress. During the heating ramp of the
cosintering process, the developed interfacial stresses dissipate
because of the viscoplastic deformation and annealing that
occur at high temperature. Thermomechanical equilibrium
can be expected at the end of the high temperature cosintering
step just prior to the cooling process. However, upon cooling
interfacial stresses can arise.®?) These thermal stresses either
remain as residual stresses in the composite cathode or dis-
sipate through the formation of interfacial cracks when the
strain energy exceeds the fracture threshold of the interface.
Such cracks at the interface between the CAM and LLZO can
lead to a reduction 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 cooling process.[®’!

Prediction of stresses in composite LLZO cathodes requires
accurate estimation of CTEs for both CAM and LLZO. In com-
putational modeling, there exist methodologies to estimate
the CTE of bulk materials using DFT based atomistic simula-
tion techniques.® The CTE for LCO-type CAMs, as predicted
by atomistic simulations, demonstrates a strong dependence
on the temperature of operation as well as the amount of Li
present within the layered CAM phase.®®) However, such low
length scale approaches have not yet been adopted for esti-
mating the CTE for LLZO SEs. Typically, the CTE is measured
at the atomic scale using XRD as a function of temperature and
dilatometry, which measures macroscale deformation versus
temperature. The two techniques are complementary, especially
when measuring anisotropic crystal symmetries. A few studies
using XRD® have determined the CTE of LLZO to be approx-
imately 1.5 x 107 K™\ Similarly, there have been reports that
include the CTE of active materials such as LCO, NMC, and
LMNO.B¥7 There is some disagreement between CTEs esti-
mated through XRD and dilatometry, which could be associated
with anisotropy, especially for LCO and NMC. In general, the
CTEs of LCO and NMC are 1.25 x 10°> K and 1.3 x 10~° K7,
respectively.8182860:872) Acknowledging that LCO and NMC are
anisotropic and the CTEs measured through dilatometry are
“effective” CTEs, there is a =0.2 x 10~ K™! difference compared
to LLZO.

Owing to the relatively high elastic modulus of the above-
mentioned materials (=150-185 GPa), combined with the rela-
tively high processing temperature (>1000 °C),®3 relatively large
thermal mismatch stresses upon cooling after densification are
expected. Yu et al.®2 analyzed the effect of thermal mismatch
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stress during the cooling process on the mechanical stresses of
LCO-LLZO and NMC-LLZO composites using continuum level
simulations and calculated that stresses approaching 1 GPa
were generated. Appropriate CAM and SE particle sizes were
considered for the accurate estimation of residual interfacial
stresses during the cooling process. It is known that the frac-
ture strength of LLZO is approximately 100-150 MPa 8 thus
fracture of LLZO composite electrodes is possible during the
cooling.

If GBs can be engineered to enable viscoelastic/viscoplastic
flow, fracture could be avoided. This approach is shared with
efforts to engineer microstructures to mitigate stresses asso-
ciated with the expansion and contraction of active particles
during cycling. There is clear motivation to engineer electrode/
electrolyte interfaces to maintain stress below the material frac-
ture stresses during processing and cycling. Moreover, system-
atic multiscale studies for estimating the CTE, level of interfa-
cial stress generation, and the extent of fracture evolution must
be studied to allow numerical optimization of cathode micro-
structures that will maximize cell performance.

Another mechanism that can lead to interfacial stresses
during the sintering process is the molar volume mismatch
between the pristine CAM/LLZO interface and the interface
formed by the interdiffusion of ions, which has been sparsely
studied so farB% It has been thoroughly argued that during
the high-temperature sintering process, interdiffusion occurs
between cathode and LLZO, which can lead to the formation
of various reaction products.’®? The molar volumes of the pris-
tine CAM and LLZO SEs are generally different from the molar
volumes of the reaction products.’” For example, La,0; and
La,Zr,0; obtained through the decomposition of LLZO occupy
a much smaller volume than the parent material. This mis-
match in molar volume can lead to the formation of interfacial
stresses.[®?] Dissipation of some of these stresses is possible at
higher temperatures due to the enhanced viscoplastic deforma-
tion and annealing processes. However, their actual influence
on the interfacial stability will depend not only on the mis-
match in molar volume, but also on the CTE of the reaction
products as compared to the parent electrode and electrolyte
materials, as all these phases experience thermal contraction
during cooling.

3.3. Mitigating Interfacial Challenges during Processing

Given the inherent chemical instabilities of LLZO with com-
mercial CAMs, methods are needed that enable sintering of
the grains without the formation of resistive decomposition
products and possible crack formation due to a mismatch
in CTE of LLZO and CAMs. One such method is the use of
a sintering additive (sintering aid) with reasonable Li-ion
conductivity to lower the temperature to create CAM/LLZO
interfaces. Sintering aids melt at high temperature and form
a protective interphase between the CAM and LLZO, which
blocks interdiffusion and improves interparticle contact. Sin-
tering aids reported for this purpose include Li;BO; and LiBO,
that can effectively melt below 700 °C,°! Li,SiO; that can be in
situ synthesized by a low temperature liquid phase process,!?
and Li;PO, that can be in situ synthesized by calcination at
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750 °C.%l This method has shown some success in improving
the active material utilization and rate capability of garnet SSBs
with LCO and NMC as the only examples of CAMs investigated
so far,”™4 however, the performance required for commercial
cells is still not attained. Han et al.”! utilized the native forma-
tion of Li,COj; on the surface of LLZO and LCO with Li;BO; to
create a more conformal coating of Li, 3,Cg7.,Bo 3,03 (LCBO).
Rather than causing sintering between LCO and LLZO, the
LCBO melt densified the mixed cathode without direct contact
between LCO and LLZO, preventing secondary phase forma-
tion. This method produced 20 um thick cathode composites
with an areal capacity of 0.1 mAh cm™ (or 106 mAh g! in spe-
cific capacity) at 100 °C. However, since the measured ionic con-
ductivity of LCBO in this study was still low, i.e., =10 S cm™
at 100 °C,1” further increasing the cathode thickness did not
increase the cell capacity due to cathode kinetic limitations.
Interestingly, the capacity fade depended strongly on the oper-
ating temperature, with approximately 50% drop in capacity
after 40 cycles for cells operated at 100 °C compared to merely
15% drop in capacity after 100 cycles for a cell operated at 25 °C.
This suggests a strong electrochemo-mechanical effect and will
be discussed in Section 4.

An alternative method used to reduce the interfacial resis-
tivity is the incorporation of an interface layer into the SE/CAM
interface, as will be discussed in Section 72.

In parallel, the sluggish reaction kinetics in LCO-LLZO mix-
tures, especially when using phase pure, crystalline materials,
enabled the production of cathode composites consisting only
of LLZO and LCO, without the use of sintering additives. First
reported by Finsterbusch and Danner et al. in 2018, a relatively
short 30 min sintering step at 1050 °C lead to relatively porous
cathodes with approximately 80% of the theoretical value, but
showed an exceptionally high areal capacity of 0.84 mAh cm™
in the first discharge cycle.'?l Even though the utilization was
around 81% or 110 mAh g7, the cell also required an oper-
ating temperature of 100 °C, which was most likely due to
resistive secondary phases at the LCO-LLZO interface, as the
applied 3D continuum model ruled out the ionic conductivity
of the LLZO as origin of the low room temperature perfor-
mance. Later, the ASR of the LLZO--LCO interface could
be reduced further by tailoring the materials, especially
the phase purity and crystallinity of the used LLZO. The
resulting cell showed twice the areal capacity (1.62 mAh cm™)
at 50 °C, while the utilization stayed at approximately 80%
(113 mAh g™).83 Unfortunately, both cell types suffered from
a high cycling degradation of about 50-60% after 50 cycles.
Similar to mechanical stresses from the sintering described
above, mechanical failure due to the chemomechanical
stresses during cycling was identified as origin of this rather
large degradation (see Section 4.2).

To obtain an interface free of secondary phases, advanced
sintering methods were explored to achieve densification
below 700 °C without the need of additives. Using mechan-
ical pressure and fast Joule heating, the “field assisted sin-
tering technique” (FAST/SPS) was able to produce LCO-LLZO
cathode composites as well as cathode composite/LLZO sepa-
rator half cells with up to 95% theoretical density after only
10 min dwell time at 650 °C to 700 °C in Ar.'"%l Due to the
sluggish reactions described above, the very short processing
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time with heating rates up to 100 K min™! resulted in inter-

faces that were virtually free of secondary phases, as verified
via TEM. However, the cells still showed a rather high interface
resistance between LCO and LLZO, stemming from amorphi-
zation of the particle surface during powder preparation or the
interfaces during processing. A second, short annealing in air
improved the crystallinity 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, even though clean interfaces in an almost fully
dense mixed LLZO-LCO cathode composite were achieved
via FAST/SPS, the areal capacity could not be increased above
2 mAh cm™2 due to the limitation imposed by the Li-ion path-
ways in the 3D structured electrode (see Section 4.3). Even
more surprisingly, the dense cathode composite still showed
a fast degradation of cell performance, often losing up to 10%
capacity per cycle. Since cracking of the cathode, as observed
for free sintered cathodes with 80% density, was ruled out as
cause for the degradation, the results provided the first evi-
dence of an electrochemical degradation of the LCO-LLZO
interface due to cell operation and will be discussed in Sec-
tion 4 in detail.

There does not exist any continuum level model that cap-
tures the interdiffusion of ions and formation of the pas-
sivation layers between CAM and LLZO at higher voltages.
Research activities on LEs attempted to predict the formation
of the resistive cathode electrolyte interphase (CEI) layer using
cell level continuum models,!”! which can also be adapted for
SEs with appropriate modifications. Experimental research,
supported by atomistic calculations,>®®8] have implemented
interfacial protective layers, either in the form of sintering
aidsP>%) or externally applied coatings,®® that can help to
minimize the interdiffusion of ions between CAM and LLZO.
However, mechanical degradation is still expected to occur
even with the presently available coating layers, which can
eventually be minimized by better design of the CAM/LLZO
interphase material.

4. Solid Electrolyte/CAM Interfaces during
Operation

Depending on the type of interface, current across it can lead to
kinetically driven solid-state reactions and degradation— adding
to thermodynamically driven reactions described in the previous
sections. These electrochemical reactions are spontaneous,
once the transport properties of the neighboring phases differ—
examples can be found in the literature.l'?% In the following sec-
tions, we consider different types of interfaces and discuss their
behavior during operation, i.e., during current load.

4.1. Lithium Transfer across the LLZO/CAM Interface

The interfacial kinetics of the LLZO/CAM interface is poorly
understood and in general the properties of chemically and
structurally defined interfaces are unknown due to the lack of
suitable model systems. Moreover, the low thermal stability
of the components during the required high temperature
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treatment and instability towards high energy ion and electron
beams prevent the analysis of ideal interfaces. For example, the
charge transfer resistance for LCO/LLZO interfaces is experi-
mentally observed to be in the range of 1-5 kQ cm?. This value
strongly depends on the synthesis process and very likely
includes contributions of processing-induced secondary phases
and their interfaces as described in Section 3, implying that the
resistance of a chemically and structurally well-defined LCO/
LLZO interface can be significantly lower. Clearly, the lack of
experimental information requires greater systematic studies of
oxide SE/CAM interfaces.

Few theoretical studies on LLZO/CAM interfaces address
the effect of SCLs on the Li-ion conductivity, similar to the
LLZO/LLZO homointerfaces described in Section 2.1.5. De
Klerk et al." calculated the interface resistances due to SCLs
for different SEs on electrodes including LLZO on LCO, and
found that the interface resistances are negligible assuming no
kinetic term at the interface and no electron accumulation in
the cathode. Furthermore, they found that a Coulombic interac-
tion term may significantly reduce the SCL.

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 fol-
lowing aspects: 1) SCLs consist of concentration gradients,
and depending on their partial molar volume can significantly
modify the atomic volume; 2) due to the relatively high elastic
modulus of LLZO, small variations in atomic volume can lead
to the generation of stresses in the range of hundreds MPa;
3) as the SCLs are not electrically neutral, the resulting strong
electric field can lead to the evolution of a Lorentz force within
the SCLs, 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 Section 4.2.2.

In contrast to LiPON electrolyte, where the cycling perfor-
mance and interface evolution are well understood, very few
data exist for LLZO/CAM interfaces. The high cycling stability
of the LiPON/CAM interface is, however, encouraging and is
one reason for the high expectations concerning the stability
of the solid-solid interfaces in SSBs. Specifically, thin-film bat-
teries with LiPON electrolyte and LCO or LNMO as single-
phase cathode have demonstrated extremely high cycle life of
up to 10000 cycles at 100% depth of discharge (DOD) with only
10% capacity loss,1%% far exceeding the cycling performance of
classical organic LE-based Li-ion batteries, albeit with low areal
loading and capacity.

As discussed in Section 3, the low thermodynamic stability
of LLZO/CAM interfaces during processing has been an issue
of major concern for the development of LLZO-based all-solid-
state batteries. Three major causes for the high LLZO/CAM
interface resistances can be discerned: 1) the direct reaction of
the two materials, forming resistive or even ion blocking sec-
ondary phases during processing; 2) the loss of crystallinity
and formation of interfacial regions with lower ionic conduc-
tivity, e.g. tetragonal LLZO due to diffusion of Al into LCO; and
3) artificially introduced secondary phases with low conduc-
tivity, e.g. sintering aids to lower the processing temperature
(LCBO) or unsuitable powder preparation (e.g., air exposure
prior to sintering). But even for well-defined, impurity-free LCO
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and LLZO interfaces, severe degradation was observed during
cycling, demonstrating the need to investigate the stability of
the interfaces during operation.

4.2. Electrochemical Stability of the Solid Electrolyte/CAM
Interface

In general, while cycling layered oxide CAM particles in a
rigid LLZO matrix, the experimentally observed capacity fade
can be divided into two subdomains:[#1%3 1) the first charge/
discharge cycle shows a large capacity 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 high. For example, Tsai
et al. reported the loss of most of the initial capacity (1.8 to
0.4 mAh cm~?) within 100 cycles at 50 uA cm™ for the LCO/
LLZO electrodes fabricated via screen printing and conven-
tional sintering of respective crystalline powders.3 Much
higher initial capacities and higher CAM loadings have been
obtained for mixed cathodes fabricated via tape casting with
optimized CAM distribution (gradient cathode composites)
showing initial discharge capacities of 2.75 mAh cm~2, which
drop to 1.3 mAh cm™ after only 10 cycles (see Figure 7d).104
Although the residual capacity value after cycling the cathode
tapes is still higher than that of the screen printed cathodes,
the capacity fading in both cases is still unacceptably high and
most likely due to the loss of mechanical integrity, which will
be described in Section 4.2.2. In contrast, cathode composites

www.advenergymat.de

produced by the novel FAST/SPS method showed high density
and no sign of mechanical degradation, excluding this failure
mechanism, but also exhibited rather large capacity losses
within the first 5 cycles, dropping from 1.2 to 0.8 mAh cm™
(Figure 4a).[10%]

Although a complete spectrum of SE/CAM cathode
degradation mechanisms during operation does not exist, the
degradation processes can be divided into two major categories:

1. Electrochemical degradation: oxidation of the SE, CAM or
both at higher voltages accompanied by an interdiffusion of
metal ions;10¢]

2. Mechanical degradation associated with CAM shrinkage/
expansion during the delithiation/lithiation steps.®31%’]

The majority 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 CAMs at higher voltages>®®103]),
whereas the slower subsequent decay is due to fatigue failure of
the CAM/SE interface and loss of electrochemically active sur-
face area. Thus, more detailed discussion of these processes is
presented in Sections 4.2.1 and 4.2.2.

4.2.1. Electrochemical Degradation
Among the processes that can occur at the LLZO/CAM inter-

face during operation, the following reactions are envisioned:
the electrochemical decomposition of individual LLZO or CAM
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Figure 4. a) Galvanostatic charge/discharge curves (first 60 cycles) of an all inorganic cell made via FAST/SPS featuring a LCO+LLZO cathode
composite|LLZO separator and Li metal anode, and TEM images with EDX profiles of the LCO/LLZO interface before cycling b) and after cycling
c) showing the interfacial degradation. Reproduced with permission."l Copyright 2022, American Chemical Society. d) Pseudo-binary phase dia-
gram of the possible decomposition products of LLZO for various degrees of lithiation in LCO (state of charge). Reproduced with permission.[']
Copyright 2022, American Chemical Society. e) Volume change as function of SOC for various cathode active materials; Reproduced with permission.l%’]
Royal Society of Chemistry. f) calculated stresses for the expected volume expansion of LCO in a cathode composite based on LLZO, taking the
anisotropic expansion into account. Reproduced with permission.%8l Copyright 2022, Elsevier.
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phases beyond their oxidation potential; the oxidation of LLZO
by the CAM; simultaneous electrochemical decomposition
of LLZO and CAM at higher voltages, or chemical reactions
between the LLZO and CAM. Each of these processes can be
accompanied by an interdiffusion of ions at the interface.

Initially, LLZO was thought to be stable up to 6 V,P%%l which
was mostly deduced from CV tests with blocking electrodes. In
actual cells featuring LLZO as electrolyte, possible electrochem-
ical degradation was typically buried under the chemical degra-
dation, i.e., the secondary phase formation at the interface dis-
cussed above, resulting in large interface resistances. However,
similar to the calculation of thermodynamic stability between
LLZO and CAMs at different temperatures described in
Section 3.1, the electrochemical stability of LLZO/CAM can be
estimated in the same way. Ceder et al.>%!% reported the com-
putational thermodynamic stability of the electrolyte/cathode
interphase under an 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.>*l
Okuno et al.’f] reported a comparative analysis using DFT of
the characteristics of sulfide SE (Li;PS,) and oxide SE (Li;PO,
and Li;La;Zr,0y,) interfaces with a typical oxide CAM (LCO).
They considered the Li-vacancy formation associated with the Li
chemical potential and the cation exchange related to the reac-
tion layer formation. They found that—compared to the case
of sulfide SE interfaces—the oxide SE interfaces have fewer Li
sites with lower vacancy formation energy and are stable against
the mutual cation exchange with the oxide cathode. These
results indicate that the oxide SEs show less dynamical Li-ion
depletion upon initial charging and less formation of a reaction
layer compared to those of sulfide SEs. In all cases, the calcu-
lated stability was much lower than the one observed experi-
mentally using blocking electrodes, typically in the 3.0-3.8 V
range.’%d Such atomistic simulations allude to the oxidation
of LLZO and propensity for formation of an interphase layer
between LCO and LLZO at operating potentials above 4.0 V.62
This is partially attributed to the delithiation of the LLZO by the
highly delithiated CAM particles at higher voltages.

The first experimental proof was given by the Wagemaker
group, using LLZO-C composites and showing an oxidative
decomposition at 3.5 V versus Lit/Lil Their studies
verified that the decomposition pathway determining the
electrochemical stability window is mediated by a delithiated
state of the LLZO, instead of a direct path to the decomposition
products. Interestingly, this implies that intermediate prod-
ucts can contribute to the capacity of LLZO-based SSBs, which
might explain the observed irreversible losses in the first cycle.

The first proof of electrochemical degradation in an LLZO/
LCO composite cathode was provided by Thrig et al.,™! enabled
by a highly dense cathode with secondary phase-free interfaces
after FAST/SPS processing. Without the contribution of high
impedance secondary phases and the high structural sta-
bility preventing mechanical failure, it was possible to clearly
investigate the electrochemically induced degradation. Two
main factors were identified: cation diffusion between LCO
and LLZO, especially at high states of charge, and a loss of
crystallinity for LLZO close to the interface. While Al diffused
into LCO, Co was diffusing into LLZO, both aiding in the
amorphization of LLZO. As the ionic conductivity of LLZO
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is especially sensitive to changes in the crystal structure, this
ultimately led to highly resistive interfacial layers and thus
degradation of the cell performance (Figure 4a—d)."!

Presently, continuum level modeling cannot capture the
formation of the passivation layers during operation at high
voltages. It would involve transfer of electrons and Li* ions
and could possibly be simulated using techniques reported by
Newman and co-workers for capturing the evolution of solid
electrolyte interphase (SEI) and metal oxide films on anode
surfaces."?l A smaller magnitude of lithium ionic conductivity
through these interphase layers, and subsequent potential drop
during operation, is the largest bottleneck associated with the
formation of these cathode electrolyte interphases.[°2%3 Applica-
tion of protective interphase layers in between the CAM and
LLZO is an effective pathway for minimizing the interdiffusion
of ions during both high temperature cosintering as well as
high voltage cycling.[>695%]

4.2.2. Mechanical Degradation

Mechanical degradation is a key issue in ceramic solid-state bat-
teries. The CAM changes volume as function of state-of-charge,
and this can cause high local stress.'"”718 Since the fracture
strength of garnet oxides is >100 MPa, the stress that evolves
within the cathode composite during operation due to the
volume changes of the CAM can eventually lead to mechanical
failure of various interfaces. The resulting cracks can 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 electrolyte.

During charge—discharge operation of an oxide composite
cathode there exists the possibility of fracture evolution at three
different interfaces:[*® 1) along or through the grain bounda-
ries of LLZO; 2) along or through the grain boundaries within
the CAM; and 3) at the LLZO/CAM heterointerface.

The fracture within grain boundaries of LLZO during the
growth of Li dendrites on the anodes side has been briefly dis-
cussed in Section 2. Experimental studies reveal that rupture
of LLZO pellets along the GB region is possible under tensile
stresses in the range of hundreds of MPa.?'38 Continuum
and phase field-based computational modeling reveals that
nucleation of lithium at the junction of GBs (or triple points)
can create sufficient Poiseuille pressure, to cause fracture
along the LLZO GBs.B*™! Similar computational analysis
has also revealed that increasing the elastic modulus of LLZO
GBs, through some type of GB engineering techniques, can
effectively help to minimize fracture within LLZ0.[10]

Generation of lithiation/delithiation induced mechan-
ical stress and subsequent evolution of cracks within oxide
based CAM particles (LCO, NMC, LMO, NCA) have been
studied in detail using both experimental and computational
techniques."*1l The fracture strength of layered oxide CAM
particles ranges around hundreds of MPa, which is similar
in magnitude to that of the LLZO,™ i.e., both the LLZO and
oxide CAM exhibit typical ceramic mechanical behavior. FIB-
SEM revealed that cracks evolve within the GBs of the CAM
particles during operation, which becomes more prominent
for larger secondary particles.'™ Computational modeling
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reveals that along with the depth of charge/discharge, the rate
also influences the extent of mechanical degradation within the
CAM particles.'20 The impact of mechanical degradation
on the increase in impedance and decay in cyclable capacity
of the CAM nparticles is captured by mathematical models.['2%!
Note that most of these studies assumed battery operation with
LEs, so far only one of them compared operation in LEs with
SEs (though with sulfide SE).'?U 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 by increasing the electrochemically active
surface area, but has a negative influence on the cell lifetime
through the formation of detrimental surface layers.™ Due to
the nonconformability of the SEs, they cannot flow through 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, with
subsequent capacity fade.l’?2l An appropriate computational
model needs to be developed that takes into account the ionic
and electronic transport through these SE/CAM composites
and study the influence of mechanical 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 degradation. However, there are
a growing number of detailed studies on ionic and electronic
transport in SSB composite cathodes with sulfide SEs.[123]

The third kind of mechanical degradation observed within the
CAM/LLZO composites is the formation and propagation of inter-
facial cracks between the CAM and SE.”*1%% Stresses evolve at the
interface between layered oxide CAM particles and LLZO due to
the mismatch in CTEs during cooling after the high temperature
cosintering 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,¥2%! tensile stresses in
the range of hundreds of MPa to a few GPa can be generated at
the CAM/LLZO interface.['®®124 Whether such stresses lead to the
evolution of interface cracks depends on the fracture toughness at
the location in the cathode. Due to the difficulties associated with
measuring the mechanical properties of the CAM/LLZO interface,
no experimental technique has successfully estimated the fracture
strength between the CAM and SE particles. Techniques such as
nanoindentation can perhaps measure the mechanical properties
of GBs.l”] By modeling the CAM/solid—electrolyte interface using
cohesive zone methodology, continuum level analysis revealed
that LLZO should delaminate from the CAM particles if the active
materials shrink by more than 75% during operation.?! Such a
degradation was shown for LLZO/LCO based cells and unambigu-
ously pinpointed the increase in ASR stemming from the elec-
trodes, with the mixed cathode being the most likely origin.®* As
predicted by Koerver et al. (Figure 4e),"”! microcracks appeared
in the mixed LLZO/LCO cathode as both trans-granular cracks in
LCO and LLZO particles, especially close to macropores, and as
cracks between LCO and LLZO particles.

Such microcracks 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 mentioned LLZO/LCO system was
recently published by Miicke et al.'%! It was found that LLZO
is subjected to significant tensile stresses, which may lead to
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microcracking and ionic isolation of regions of the mixed
cathode (Figure 4f). For LCO, the compressive stresses are
similar to the flexural strength. Depending on the cell design
and preferred crystallographic orientation, the stresses can also
be reduced to values lower than the flexural strength of the
cathode components. This again demonstrates the need for
advanced fabrication techniques, as discussed in Section 3.3,
that can achieve high density mixed cathodes while sup-
pressing 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 species at the CAM/SE interface (see Section 4.2.1).5%! The
resulting mismatch in molar volume between these new phases
and the pre-existing combination of CAM and SEs can lead to
stress generation at the CAM/SE interface and 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 contact
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.l*

Computational modeling of the interfacial delamination
between the CAM and LLZO during charge/discharge reveals
that the capacity fade cause by mechanical detachment per-
sists for ten cycles without showing saturation.™ Theo-
retical analysis also revealed that LLZO with smaller grains,
softer electrolytes (e.g., sulfides), or better interfacial adhesion
between the CAM and SE may help to minimize interfacial
de-bonding or fracture and subsequent capacity fade.l'””l Thus,
softer electrolytes may be able to accommodate a greater change
in the cathode volume to reduce interfacial delamination
(see Section 5).1126:127]

5. Contrast with Soft and Glassy Solid Electrolytes

5.1. Grain Boundaries

Within this review, soft and glassy SEs such as sulfides
(thiophosphates) or salt-in-polymer electrolytes are distin-
guished from oxide-type SEs based on their electrochemical
and mechanical properties.® The most consequential advan-
tage of soft and glassy SEs is that powders can be densified at
room temperature or below 100 °C to form a low resistance
pellets, sheets, or films. This enables the use of conventional
casting and calendaring techniques used for Li-ion batteries.'28l
Scalable tape casting and calendaring processes have also
been successfully applied to oxides such as LLZO,*?l but
this requires an additional sintering step at high temperature
(>500 °C) for grain-to-grain ion transfer to 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 temperature. In contrast to oxides, grain and GB con-
tributions cannot be clearly distinguished in impedance meas-
urement. It is commonly assumed that there is no significant
GB resistance contribution in thiophosphates or polymer solid
electrolytes as shown for fLi;PS, with pulsed field gradient
NMR.IB3% In contrast to this assumption, in a recent combined
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Table 2. List of mechanical properties as well as ionic conductivity of selected battery materials.

Material Young's modulus E[GPa] Bulk modulus K[ GPa] Shear modulus S [GPa] Conductivity Gi, [ S cm™] Refs.
NCM111 199 78 132 - [81]
LLZO:AI 163 65 12 =107 [136]
LigPSsCl 22 8 28 =102 [137]
LiPON 77 31 51 =10-¢ [138]

theoretical-experimental study of B-Li;PS, in which the micro-
structure (porosity, particle size and shape) was varied, a large
contribution of the grain boundary resistance to the overall
resistance was found.['3!

The mechanical properties (quasi-malleability) of sulfides
at ambient temperature likely eliminate the GB resistance
between particles. Additionally, there appears to be little evi-
dence that crystalline domains have a significant resistance
contribution for charge transfer across GBs.['3?l Recently, Wang
et al.13¥ investigated the influence of thiophosphate-type elec-
trolyte crystallinity on the solid-state battery performance.
Notably, it was found that larger volume changes and more
severe decomposition in the cathode are obtained with crys-
talline SEs. Higher electronic conductivity and higher elastic
moduli of the crystalline SEs may explain this difference.

For salt-in-polymer electrolytes, conduction predominantly
occurs via segmental motion of the polymer chains through
the amorphous phase.'*¥ Therefore, rather than reducing GB
resistance as in oxides, the preparation of polymer electrolytes
focuses on minimizing the presence of crystalline domains,
which have much lower ionic conductivity.

5.2. Solid Electrolyte/CAM Interface

In contrast to the previously discussed LLZO/LLZO and LLZO/
CAM interfaces in oxide-based SSBs, this subsection summarizes

with VGCF

the two main degradation phenomena during operation for soft
and glassy SEs, being morphological degradation and chemical
reactions leading to interfacial degradation.

Regarding the morphological degradation, sulfides
(thiophosphates) and polymers generally are softer and have a
lower fracture toughness than their oxide counterparts.'”l As
an overview, Table 2 lists the mechanical properties of a subset
of commonly used SSB materials. Comparing Young’s, bulk
and shear moduli of LigPSsCl and LLZO:Al this evident dis-
parity enables the simpler assembly of 3D composite cathodes
with soft SEs, which drastically increases the predicted energy
and power density in comparison to planar continuous cathode
designs. Composite cathodes are generally easier to manufac-
ture using thiophosphates and is demonstrated using different
types of thiophosphate SE via cold-pressing,°312313%] whereas
for oxides a high-temperature step is needed.['>10°]

However, during the operation, composite electrodes can
exhibit morphological changes, e.g., contact loss leading to
high impedances. While this can be compensated with a LE,[*")
contact loss can be induced by volume changes of CAM during
(de)intercalation of lithium in combination with SEs. Figure 5a
depicts SEM images of a cycled cathode consisting of -Li;PS,
and NCMS8I1 in which contact loss between the materials is
evident.

Koerver et al. link this phenomenon to an irreversible resist-
ance increase in the first cycle,'®®l lowering the Coulombic
efficiency to 70.5 %. An approach to overcome this issue, in the

100 cycles

NCM

IU um

C, fragment | NiO, fragment | (PO, -

PO;) fragments

Figure 5. a,b) SEM images in different magnifications of the contact loss between [-Li3PS, and NCM811 after 50 cycles. Reaction byproducts formed
between CAM, SE and a carbon fiber additive are mapped using ToF-SIMS as shown in (c). Reproduced with permission.[9%142° Copyright 2017, ACS.

Copyright 2020, ACS.
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case of thiophosphate electrolytes, is to use substantial pres-
sure (>10 MPa) during operation or by tuning of the cathode
composition to avoid deleterious volume changes.'”] However,
both solutions are considered to be impractical for large-scale
applications. Furthermore, phase transitions of CAMs, 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, cracking in SSBs
leads to diminished electrode kinetics.'??] Since there are few
cycling studies using oxide SEs, it is not understood yet if the
aforementioned effects are also present in sintered oxide-oxide
cathodes. This is subject of ongoing research.

With respect to the chemical reactions leading to interfacial
degradation, oxide SEs are often reported to be stable within
a 4 V regime, whereas thiophosphates are thermodynamically
unstable beyond 2-3 V versus Li*/Li.P% Several studies
have shown an increased interphase formation during opera-
tion of composite cathodes beyond 3—4 V versus Li*/Li.l0314]
Recently, Walther et al. identified three different degradation
zones in composite electrolytes, being the CAM/SE, CC/SE,
and carbon/SE interfaces with a high degree in similarity
between the reaction products.?") The electrochemically
formed products during high potentials (oxidation) are pre-
dominantly Li-S-P phases with phosphate, sulfate and Sy-pol-
ysulfide species as the thermodynamic byproducts.®l These
reaction products were mapped via ToF-SIMS in cathode com-
posites (Figure 5b). Interestingly, the formation of TM species
such as TMS~, TMP~ is negligible in comparison to the afore-
mentioned compounds in electrodes employing NCM622.[14%]
While this degradation can be partially reversible,3 it still
increases the cathode impedance and thus drastically degrades
the SSB performance.

While it is a priori difficult to separate chemical and
electrochemical degradation due to the similar nature and
difficult interface accessibility in composite electrodes, in prin-
cipal chemical reactions can occur at every interface in com-
posite electrodes. Although these reactions strongly differ
between materials, potentials and cell configurations, Sakuda
et al. showed cation interdiffusion when combining LCO and
Li,S-P,Ss-based SE, which was confirmed by computational
studies."]

Coating of CAMs is frequently investigated as a way to sup-
press (electro)chemical reactions between CAMs and SE. For
thiophosphate SEs, coatings are considered a necessity to fab-
ricate SSBs with high cyclability.'*? Recently, halides such as
Li;MX, (M*, X = Cl, Br, I) have gained attention for 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 can play a crucial role in
enabling SSBs by bridging the gap between soft but degrada-
tion-prone thiophosphates and stable but less ionically conduc-
tive oxide SEs.

From the modeling point of view, atomistic models reveal
that sulfide and phosphate based soft and glassy SEs are gen-
erally less stable than LLZO against high voltage CAMs.>% Ag
a result, severe electrochemical reaction may occur between
high voltage CAMs and these soft/glassy electrolytes leading
to substantial interdiffusion of ions at the interface, which can
be mitigated to a large extent by some form of interfacial coat-
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ings.">8 1D impedance modeling of a sulfide electrolyte-
based solid-state lithium ion cell revealed that the resistance
associated with charge transfer at the electrode/electrolyte
interface, ion transport through the electrolyte, 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 com-
putational modeling of Li;PO, indicates that lower ionic con-
ductivity of the glassy SEs at room temperature and limited
rate performance are major challenges for their commerciali-
zation.”) More detailed modeling of the cathode composite
electrode 3D structure including sulfide (thiophosphate) elec-
trolyte, NMC CAM, binders, and void spaces showed that
distribution of the conductive binder phase has a significant
influence on the electrochemically active surface area and
ion transport through the tortuous SEs.! Discrete element
method (DEM) based detailed computational modeling of the
3D microstructures of composite cathodes with SEs clarify
that high active material loading with large electrochemi-
cally active surface area can be achieved by the adoption of
fine SE particles.33 Note that even though these analyses were
conducted on sulfide based SEs, the general conclusions are
applicable to composite cathodes with other SEs as well, such
as phosphates and garnets. Computational modeling of the
LiPON/LCO interface at both the atomistic and continuum
level showed that interfacial delamination can occur between
the cathode and SEs due not only to the volume change of the
cathode particles, but also to the interfacial reactions that lead
to the formation of a cathode/electrolyte interphase whose
volume is less than that of the parent materials.® Implemen-
tation of interfacial coatings is a possible pathway to mitigate
these interfacial reactions and their detrimental effect on cell
performance. >’

6. Hybrid Approach to the SE/CAM Interface

Currently the most common approach to accommodate the
limited solid-solid contact area and electro-chemo-mechan-
ical-expansion mismatch at the SE/CAM interface is to utilize
an interfacial “soft” liquid, gel, or polymer Li-ion electrolyte
(Figure 6a,b). Prior to the incorporation of the soft interphase
materials, the cathode active particles are either inserted within
the LLZO scaffold,*1>? or mixed with LLZO particles and cast
on top of the Al current collector to form the cathode com-
posite.l33] Polymer- type soft interphase materials are usually
dissolved within the cathode slurry prior to casting,>¥ whereas
the liquid type interphase materials are poured into the porous
composite cathode to fill the voids.'> Using this approach ena-
bles the use of conventional cathode formulations leveraging
the existing Li-ion supply chain. However, by removing direct
contact between the cathode and SE, two new interfaces are
introduced, i.e., CAM/soft electrolyte and soft electrolyte/SE.
Therefore, this soft electrolyte should be chemically and elec-
trochemically stable against both the cathode and the SE as
a function of operating temperature and voltage. Otherwise,
additional interphases may be necessary to achieve sufficient
cycle life.
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Figure 6. a) Schematic representation of a Li metal anode and NMC cathode cell, which consists of a soft catholyte in the cathode composite to
enable contact between the LLZO and NMC. b) Schematic representation of a portion of the LLZO/NMC interface with soft catholyte in between.
Also highlighted are the various chemical, electrochemical and transport limitations that can occur within the LLZO/catholyte/NMC interfaces.
c) Comparison between the increase in interfacial resistance at LLZTO/LiPFg and LLZTO/LiTFSlI interface. It is evident that LiTFSI salt is more compat-
ible with LLZTO. Reproduced with permission.®l Copyright 2022, Elsevier. d) High-resolution TEM image of Li,CO; and LiF layer on top of LLZTO
while operating with liquid electrolytes containing EC/DMC solvent and LiPFg salt. Reproduced with permission."”] Copyright 2020, Elsevier. e) DFT
calculations demonstrating the ease of partially coordinate transition metal dissolution in liquid electrolytes. Reproduced with permission.'>8 Copyright

2019, American Chemical Society.

6.1. Challenges with Liquid Electrolyte, lonic Liquid,
and Polymer Interfaces with LLZO

Incorporation of soft interphase layers is associated with inter-
facial and bulk issues, which can be categorized as follows:

a. Interfacial chemical and electrochemical stability of the
soft material with cathode and LLZO under high voltage
conditions;>%4]

b. Dissolution of transition metals from cathode (Ni, Mn, Co)
into the soft electrolyte;™!

c. High interfacial charge transfer resistance between the soft
electrolyte and LLZO;11%]

d. Low bulk conductivity of the interphase material under room
temperature conditions;!®!

e. Uniform distribution of particles and liquid electrolyte with-
in the cathode composite.

These drawbacks and the potential pathways to mitigate
them are discussed in this section.

Adv. Energy Mater. 2023, 13, 2201939 2201939 (18 of 34)

Maintaining good chemical and electrochemical stability at
the soft electrolyte/LLZO and CAM/soft electrolyte interfaces
is important to minimize the formation of passivation layers.
Recently, the interest in protecting Li anodes with ceramic
electrolytes for use with state-of-the-art LEs and CAMs moti-
vated studies to analyze the stability between LLZO and state-
of-the-art LE.®6157162 Tt was found that LiPF, salt and car-
bonate solvents react with LLZO to form resistive interphases
(Figure 6¢).7 In addition, the use of LiPF¢ may result in HF
formation when water is present, which can passivate the LLZO
surface. Thus, future work should investigate the use of alter-
native salts and solvents to improve the compatibility between
LLZO and LEs. As for polymer electrolytes, the most commonly
used PEO-based soft polymers tend to oxidize at higher volt-
ages, making it very difficult to use high voltage CAMs (NMC,
LCO).%%l Hence, poly(ethylene glycol) methyl ether acrylate
(PEGMEA) or poly(ethylene carbonate) based soft polymer
materials that demonstrate stability against high voltage condi-
tions are potential interphase materials between the CAM and
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LLZO.1>3315%] Computational modeling studies can help to
estimate the HOMO and LUMO levels of these polymer electro-
lytes and their oxidative stability against high voltage CAMs.[164
Atomistic calculations also indicate that ionic liquids (ILs) are
stable at high voltage conditions based on the estimations of
HOMO and LUMO levels.['5] MD analysis further revealed that
addition of extra Li salt within ILs can improve their stability
against high voltage CAMs.[%¢l In spite of their high voltage
stability, some polymer electrolytes as well as ILs tend to react
with the Ni-rich CAMs.1%41%7) However, computational studies
to understand the reactivity between these high voltage-stable
soft electrolytes and Ni-rich CAMs are lacking.

TM dissolution from the CAM to the soft electrolytes has
been extensively studied in the context of Li-ion batteries with
LEs.[%8 In the present context, if a LE is used to improve con-
tact at the CAM/LLZO interface, there always exists some
propensity of TM dissolution from the CAM particles to the
electrolyte.19] Even though maximum amount of dissolution
has been observed for Mn?* cations, Ni** and Co?* also tends
to dissolve from NMC cathode particles into the LE.[*168] TM
dissolution leads to a decrease in the active sites for hosting
Li-ions, which results in capacity fade.[’””l Also, redeposition of
the TM ions on the surface of the CAM particles as oxides
and/or fluorides can lead to the formation of resistive pas-
sivation layers and subsequent impedance growth."% TM
dissolution has been observed in both organic as well as IL
electrolytes.[1°0:18] Disproportionation reactions experienced
by the TMs at lower states of charge, and acid attacks are the
major reasons behind the dissolution of CAMs.”! Compu-
tational modeling activities at atomistic length scales reveal
that partially coordinated TM atoms are more prone to reac-
tion with the solvent molecules and subsequent dissolution
within the LEs (Figure 6e).1%8>° Continuum level modeling
of LE-based LIBs can capture the TM dissolution from the
cathode.’l Increase in interfacial and charge transfer resist-
ances due to the metal dissolution and deposition processes
can also be successfully captured by cell level models.”? In
the present context of CAM/LLZO composites, the tendency
for TM to dissolve is much lower due to the use of a very
small amount of soft/liquid electrolyte. Moreover, it should
be pointed out that the dissolved TMs cannot migrate to the
Li anode due to the LLZO separator,™®l blocking one of the
major degradation mechanisms in conventional LIBs.

Interfacial charge transfer resistance between the soft elec-
trolyte and ceramic electrolyte, such as LLZO, intrinsically orig-
inates from two contributions: the resistive interphase layer and
the solvation of Li-ion in the soft electrolyte. A resistive inter-
phase layer may form at the interface of two different electro-
lytes due to their chemical and/or electrochemical incompati-
bility, which eventually forms an ohmic resistance for the trans-
port of Li-ions across the interface.?3¥ Unlike in oxide ceramic
electrolytes, where the Li-ions are coordinated by oxide ions, the
Li-ions in soft electrolytes are surrounded by solvent molecules.
Due to the removal of the solvation shell around the lithium
cations prior to their insertion into the ceramics, a high charge
transfer resistance is observed.”3] Sagane et al.”4 found in a
model system using Lij ssLag 35TiO3 (LLTO) as the ceramic elec-
trolyte that polymer/ceramic electrolyte interfaces generally have
higher activation energies and room temperature interfacial
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resistance than liquid/ceramic electrolyte interfaces. By com-
paring with the Na-electrolyte system, they hypothesized that
the Lewis acidity affects the strength of the interactions with
the solvation shell and thus the solvation. In a related study,
Abe et al.l”? investigated the effect of solvent type on the solva-
tion kinetics at the LE/SE interface. It was shown that the acti-
vation energy of solvation/de-solvation at the LE/SE interface
positively correlated with the heat of reaction of the solvent and
the solvent donor number.

High interfacial charge transfer resistance can also be caused
extrinsically by the formation of the resistive Li,CO; layer on
the surface of LLZO (Figure 6d). For example, pre-heating
LLZO particles at 400-500 °C can remove the resistive Li,CO;
layer and the charge transfer resistance between PEO and LLZO
can be lowered to hundreds of Q-cm?2% Strategies involving
rapid acid treatment of LLZO can also be adopted for removing
the resistive Li,CO; layer.'”®l Continuum level computational
modeling efforts shed light on the overpotential associated with
charge transfer across the heterogeneous interface.['””]

Apart from the electrochemical stability at soft electrolyte/
CAM interface and the high charge transfer resistances between
the soft electrolyte and the LLZO, the ionic conductivity of
these soft interphase materials under room temperature con-
ditions must also be studied to effectively estimate the poten-
tial drop within the electrolyte during cycling.®d Unfortunately,
although several ILs exhibit good electrochemical stability to
CAMs, their room temperature conductivity is about one order
of magnitude lower than that of organic LEs.[”®] The viscosity of
the IL, the number of charge carriers, the size of the individual
ions, and the density all affect their conductivity."®*! Using DFT-
based atomistic calculations, it is possible to predict the conduc-
tivity of ILs as a function of ion volume, ion mass, ion moment
of inertia, and ion-ion interaction energy.”? 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 stability to high-voltage CAMs.[161166180] Sim.
ilar to ILs, polymers also demonstrate poor room temperature
conductivity unless they are plasticized and converted to a gel
form by adding LEs.'®! Some standard polymers such as PAN
and PVDF show good stability to high-voltage CAMs when
used as polymer/ceramic composites with Ta-doped LLZO as
the ceramic fillers.'®2 However, their ionic conductivity at room
temperature is orders of magnitude lower than that of LEs,
and plasticizers are necessary to achieve reasonable low-tem-
perature performance.'®?"! The total potential drop during ion
transport across the soft interphase layer depends on both ionic
conductivity and thickness.'3l Computational models should
make it possible to estimate the competition between the con-
ductivity and thickness of the interphase layers and determine
the optimal conditions for the best cell performance with min-
imal potential drop across the interphase.

An advantage of hybrid cathode/electrolyte is that no
high-temperature cosintering is required for these cathode
microstructures. The active particles are infused within the
LLZO scaffolds, and the voids between the solid CAM (NMC,
LCO, S) and the LLZO electrolyte are filled with LEs to ensure
intimate contact.’>>'84 To fully utilize the lithium stored in the
CAMs, the CAM particles should be uniformly distributed in
the SE scaffold. In addition, sufficient LE must be incorporated
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to fill the pores in the composite cathode layer to avoid incom-
plete wetting and loss of the electrochemically active surface.
Infiltration of the cathode slurry and LE within the LLZO scaf-
fold can be simulated to better understand the distribution of
particles and the efficiency of the process, including modeling
the surface tension-driven flow of the fluid within the desired
porous media.

Problems related to TM dissolution and impedance growth
at the CAM/LE interface or the formation of a high-impedance
interface between PEO and LLZO during operation can be pre-
vented by the proper adoption of electrolyte additives and/or
synthesis techniques."® For example, the addition of fluoro-
ethylene carbonate (FEC) in the organic LE can help form a
stable electrode-electrolyte interface and minimize the dissolu-
tion of TM ions.®*1%% Computational modeling at the atomistic
level revealed that the addition of tris(trimethylsilyl) phosphite
(TMSPi) forms a protective layer on the NMC particles and sub-
stantially minimizes the dissolution of Ni, Mn, and Co from the
CAM particles in the LE. MD-based computational models
have shown that increasing the lithium salt concentration in the
ILs or saturating the LE with Li salt can help minimize TM dis-
solution from the CAM particles, either by forming a strong sol-
vation shell™ or by decreasing the acid concentration near the
CAMs.[1%1 Applying TiO, 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 pro-
tective layer on NMC622 minimizes the side reactions between
CAM particles and poly(ether-acrylate) based SEs.'®’] To mini-
mize the interfacial resistance between the ceramic particles and
the soft electrolytes, very careful synthesis techniques must be
used that effectively result in extremely low (=2 Q cm?) interfacial
resistance between the argyrodite-type SE and PEO.!®8 Grafting
polymer chains onto the surface of the LLZO particles can also
help to alter the interfacial resistances between the polymer
and ceramic phases.'®! In an experimental study on the inter-
face between a ceramic LAGP electrolyte and DOL/DME based
LEs, Busche et al.1" found evidence for a solid/liquid electrolyte
interphase (SLEI) in which organic and inorganic components
form the interphase. They demonstrated that the formation of a
SLEI at a liquid/solid electrolyte interface results in a stable and
low interphase resistance (=25 Q cm?). From these studies, it is
evident that, depending on the interphase material, there may be
various issues at the LLZO/soft electrolyte or CAM/soft electro-
lyte interface that need to be solved, and computational modeling
should help to strategize the optimal pathway.

7. Toward All-Solid-State Batteries

Ultimately, it would be desirable to develop an all-solid-state
battery that is entirely devoid of flammable liquid and organic
components. This not only improves safety and extends oper-
ating temperature capabilities, but could also eliminate the self-
discharge and capacity fade associated with LEs (e.g., shuttle
mechanism in lithium-sulfur batteries, leaching of manga-
nese in high-voltage CAMs, and the reaction between LE and
SE).I571901 However, LLZO-based cells still face many chal-
lenges to achieve competitive energy and power density. High
energy density requires high CAM loading, which can only
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be realized in cell designs with thick electrode layers and thin
ceramic separators. At the same time, fast ion and electron
transport through these layers are required to achieve practical
power density. Optimizing the composition and structure of
LLZO/CAM composite cathodes and separators, minimizing
the LLLZO GB and CAM/LLZO interfacial resistance, and
mitigating the capacity fade during operation, as described in
the previous sections, are therefore essential for the successful
development of LLZO-based SSBs.

7.1. Microstructure and Architecture of Full Cells

The majority of reported LLZO-based cell architectures utilize
thick (=1 mm) sintered dense ceramic separators as a mechan-
ical backbone of the cell, followed by an application of cathode
layers and lithium (or indium metal) anodes. The popularity of
this separator-supported cell design is explained by relative pro-
cessing simplicity, enabling fabrication of dense separators with
high ionic conductivity via conventional ceramic 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 densities on the
cell level.®!l To create a high-performance SSB, it is clear that
the relative fraction of the SE in the cell should be minimized
while simultaneously increasing the CAM loading, resulting
in cathode-dominated cell concepts. To enable sufficiently fast
charge transport through the thick cathodes, the electrochemi-
cally active surface area between the CAM and LLZO should be
maximized to minimize the total cathode resistance, resulting
in an extended 3D CAM/LLZO network analogous to the 3D
network of conventional LE cells.?%d The major challenge of
these cell concepts is the practical realization of mixed cathodes
layers without the processing-induced degradation discussed in
Section 3. So far, two main routes have been reported to fabri-
cate fully inorganic LLZO-based composite cathodes. The first
route relies on the fabrication of a porous LLZO scaffold, which
is subsequently filled with CAM. The second route is based
on a cosintering of CAM and LLZO powders combined with
a suitable (and ideally scalable) processing approach to form a
cathode layer.

As an example of the first route, Hitz et al.l¥l utilized tape
casting to create a porous-dense-porous LLZO “trilayer”, where
a =15 um thick dense layer was mechanically supported by
=~60% porosity extended SE layers that had more than 40x the
interfacial area of a planar electrolyte. Porous morphology of
the LLZO scaffold in contact with the lithium metal anode was
shown to be beneficial in eliminating lithium dendrites typical
for the planar surface of an electrolyte pellet via improving the
Li-electrolyte contact and eliminating “hot spots” responsible
for inhomogeneous Li-plating.’*¥ Combined with atomic layer
deposition (ALD) to improve LLZO-Li metal wetting, lithium
metal symmetric cells had extremely low area-specific resist-
ances (ASRs) of 2-10 Q cm? (compared to 19-40 Q cm? for thick
pellets) and stable cycling up to 10 mA cm2 at room tempera-
ture with no applied pressure.!”’l On the cathode side, infil-
tration of sulfur in the porous LLZO scaffold provided a thick
cathode layer with a high electrode loading and cell energy/
power density. A Li-S battery using the same microstructure
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Figure 7. a) Trilayer LLZO structure with Li-metal and sulfur electrodes
infiltrated into the porous layers. Bilayer structures with b) Li-metal infil-
trated into the porous layer and NMC-coated foil attached to the dense
layer; Reproduced with permission.® Copyright 2022, Elsevier. or
c) Sulfur infiltrated into the porous layer and Li-metal deposited on the
dense layer; Reproduced with permission.['?°a Royal Society of Chemistry.
d) Electrochemical performance of free-standing, dense, co sintered
LLZO+LCO mixed cathodes with uniform 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 gray). Reproduced with permission.™ Royal Society of
Chemistry.

had an initial discharge capacity of 1200 mAh g}, corresponding
to a cell energy density of 272 Wh kg™, and >99% Coulombic
efficiency for 50 cycles (Figure 7a).'>*" Porous-dense “bilayers”
were also fabricated to be compatible with commercial cathode-
coated foils while maintaining the enhanced interfacial con-
tact of the anode-infiltrated porous layer, resulting in an
NMC-Li battery with stable discharge capacities of 175 mAh g™
and 97% Coulombic efficiency for 25 cycles (Figure 7b).1Y The
cathode and anode could also be switched to have the cathode
infiltrated into the porous LLZO and the anode applied to the
planar LLZO surfacel®®1%] (Figure 7c). This configuration
eliminates the inert components (i.e., PVDF binders) in com-
mercial cathode foils, allowing more active material to be used
in the same battery volume and thus increasing cell energy
density. The tradeoff is that the adoption of a planar LLZO-neg-
ative electrode interface will increase the interfacial impedance
relative to structured anodes. However, if the issues related to
the high current densities at the Li metal/planar LLZO inter-
face can be appropriately addressed, the maximum cell perfor-
mance can eventually be achieved using this configuration (see
Section 7.4).

As testament to the potential of this multilayered approach,
several research groups have synthesized extended LLZO
microstructures with a variety of methods, including carbon
template method,® 3D printing,™ freeze tape casting,['®
drop casting,'l and LLZO-electrode cosintering.** The range
of electrolyte feature sizes and anisotropy produced by these
different methods results in unique internal and interfacial cur-
rent densities that impact battery performance yet are difficult
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to probe experimentally. Continuum scale simulation models
can recreate these internal/interfacial current density distribu-
tions and thus provide a methodological and systematic basis to
evaluate, design, and optimize the extended electrolyte micro-
structure. For example, a pore-scale model has been success-
fully developed by Neumann et al.l”/! to demonstrate the benefit
of using Li-infiltrated porous electrolyte layers to reduce local
current densities in a “trilayer” garnet configuration. The study
further 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 respect to the second fabrication route, Rosen et al.
demonstrated dense, freestanding, cosintered mixed cathodes
that were produced via tape casting.'® The advantage of this
approach is that the mechanical support is provided by the
CAM, which allows reduction of the SE (e.g., LLZO) volume
fraction and enables extremely thin separators, e.g., applied
via PLD or sol-gel methods.? However, as reported by Fin-
sterbusch and Danner et al., the effective ionic conductivity of
the LLZO limits the extractable capacity for cathode thickness
above 50 puml'? and strategies are needed to either improve
the total conductivity of the SE itself or the effective conduc-
tivity via microstructure optimization. Similar to the advan-
tages of porosity gradients mentioned above, electrochemical
performance can be boosted by introducing compositional
gradients to change the effective transport parameters. Rosen
et al. also demonstrated a microstructurally optimized mixed
cathode, featuring opposing gradients for the volume fractions
of LCO and LLZO (Figure 7d, SEM cross section). Close to the
current collector side, a ratio of 2:1 for LCO:LLZO ensured a
high electronic conductivity while a ratio of 1:2 LCO:LLZO at
the separator side ensured a high effective ionic conductivity.
Compared to nongradient cells using the same materials
(Figure 7d green and blue), electrode utilization improved by
a factor of 2, reaching almost 100% of the theoretical capacity
(3 mAh cm™2, Figure 7d red). Such optimized, free-standing
cathodes can then be used as mechanical support for application
of thin (10 pm) or ultrathin (<1 pm) separators. With respect to
the former, cosintering of mixed cathodes and thin separators
(e.g., via sequential 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 ultrathin sepa-
rators, often on the order of 100 nm, various concepts using
physical vapor deposition,?! pulsed laser deposition,?* or
sol-gel application techniques?? sometimes in combination
with advanced sintering techniques like flash lamp annealing
are also known and investigated. These facile ways to improve
battery electrochemical performance by tailoring the composite
cathode microstructure and improved processing for separator
thickness reduction show that the optimization of ceramic
SSBs is still in its infancy.

7.1.1. Impact of Cathode Microstructure on Full Cell Performance
For good electrochemical performance, the microstructure of

the cathode composite needs to be optimized to maximize the
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practical performance of SSB, namely maximizing the elec-
trochemical contact between the SE and the CAM particles;
percolating SE network with low tortuosity for ion flow from
the separator to the current collector; percolating electron con-
ducting network to maximize electron flow from CAM to cur-
rent collector; maximizing cathode thickness consistent with
ASR transport constraints; maximizing the volume fraction
of solid CAM particles to minimize inactive mass, and mini-
mizing voids that reduce electrochemically active surface area
and energy density.[26¢33]

As discussed in Section 4.2.2, volume changes of CAMs
during cell operation cause a significant stress in composite
cathodes that can also affect SE transport pathways. More
importantly, the volume changes cause mechanical damage to
CAM nparticles as well as delamination and contact loss with
SE. Mechanical simulations have been used to calculate defor-
mation and stress in extended SE and CAM networks.’2108]
Yu et al.B reported that NMC composites were less prone to
showing mechanical degradation than LCO or LMO electrodes.
The anisotropic properties of the LCO crystal and the tendency
of LCO particles to align their c-axes perpendicular to the SE
surface during cathode processing results in a less pronounced
stress distribution at the electrode level.'%] However, this orien-
tation is unfavorable for Li-ion transport within the CAMs and
deteriorates the electrochemical properties. These are some of
the factors that need to be considered when designing and pro-
cessing the extended SE and CAM networks.

The aim of electrochemical models is to correlate both the
overall charge—discharge curves and spatial patterns in current
distributions to macroscopic electrochemical measurements.
Simulation studies relying on FIB-SEM reconstructions of
LCO composite electrodes indicate that cell performance in
room temperature experiments still lags behind the simula-
tion predictions, hinting at unaccounted secondary reactions at
the CAM/SE interface and further demonstrating the need for
protective CAM coatings."” Recent studies 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 effects on overall cell
performance.?l During the sintering step of the cell fabrica-
tion process, mechanical simulations have demonstrated that
the formation of porous domains at the cathode/electrolyte
interface creates stress concentrators that can nucleate cracks
and adversely impact cell performance.?

The Li-ion transport mechanism in CAM/SE composites is
highly sensitive to the ion conduction pathways, such as bulk
grains, GBs, and structural domains, as well as their respec-
tive network. Computational approaches that account for
microstructural inhomogeneities can play key roles in ana-
lyzing and optimizing microstructural features to maximize
ionic transport properties. Both DFT and MD based atomistic
computations have revealed that the ionic transport properties
at the grain interiors can be very different from that observed
in the GB domains and particle surfaces, which is true for all
types of SEs (oxides, sulfides, anti-perovskites, etc.).'*2%°I By
solving continuum equations at the mesoscale level, the impact
of the microstructural heterogeneity on the effective ionic trans-
port properties have also been investigated.3342050.200] Thig
approach accounts for complex conduction pathways by incor-
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porating a realistic representation of the electrolyte microstruc-
ture into the modeling framework. For LCO/LLZO composite
cathodes, a microstructure-resolved computational modeling
approach was used to identify the limitations and obtain design
guidelines for improving the electrochemical performance of
the cells at the materials and microstructural level.'”) Addition-
ally, it has also been computationally demonstrated that spe-
cially architected SEs can increase the electroactive area and
minimize the reaction current density at the Li/LLZO interface,
while decreasing the chances of lithium dendrite growth.[?”]

For predictive simulations enabling a virtual design of
extended SE and CAM networks in LLZO-based SSBs, all
aspects described 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 devel-
opments.’2204207] In addition, close linkage with atomistic-scale
simulations is essential to incorporate appropriate material
properties that enable the prediction of optimal extended 3D
SE-CAM networks for new material combinations. By com-
paring the simulation predictions with corresponding experi-
ments, improved cell architectures and extended SE-CAM net-
works can be identified. Further experimental and theoretical
work is required to identify the key microstructural parameters
that will provide strategies for the engineering of LLZO-based
SSB cell architectures.

7.2. Solid Electrolyte/CAM Interfacial Coatings

As discussed in Section 3.3, the development of chemically
stable interlayer compounds to enable LLZO/CAM combina-
tions 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 chemo-mechanical expansion mismatch between the
CAM and LLZO. In summary, the properties that an ideal inter-
phase layer should meet are as follows:

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

2. Low surface energy with respect to the CAM and LLZO, so
that the interphase material can easily wet both surfaces dur-
ing high temperature sintering;

3. Chemical stability at the CAM/coating and coating/LLZO in-
terface during sintering;

4. Negligible diffusivity of transition metals (Co, Ni, Mn, La, Zr,
Al, etc.) across the interphase layer, preventing interdiffusion
and formation of non-conducting passivation layers;

5. Electrochemical stability at CAM/coating and coating/LLZO
interface during cycling;

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

7. Low modulus of elasticity of the interphase layer to minimize
the stress generation;

8. High Li-ion conductivity and/or low thickness to minimize
the overpotential associated with ion transfer across the in-
terphase layer (potential drop);

9. Low charge transfer resistance at the CAM/coating and coat-
ing/LLZO interfaces.
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So far, chemical and electrochemical stability (including
chemomechanical mismatch) could only be achieved in hybrid
cell configurations by avoiding cosintering steps and using
soft organic interlayers (Section 6). However, for true SSBs,
chemically and electrochemically stable interfaces with inor-
ganic interlayers are required. To achieve the required 3D
microstructures (Section 71), the method used to deposit the
interlayer depends directly on the process used to fabricate the
structure. In particular, for coating sintered 3D LLZO struc-
tures prior to filling with CAM particles, or for coating CAM
and LLZO particles prior to co-sintering, gas (e.g., ALDI®’)
or liquid (e.g., solution infiltration) processes are required to
obtain fully conformal coatings, while line-of-sight processes
(e.g., sputteringl®®13]) would be impractical. Therefore, future
computational models should investigate not only cell perfor-
mance in the presence of the interphase layers, but also the
synthesis of cathode microstructures that facilitate the forma-
tion of these interphase layers to protect CAMs and SEs.

7.3. Need for Advanced Mixed lonic-Electronic Conducting
(MIEC) Cathodes

High temperature sintering of oxide SSBs prevents the use of
carbonaceous conductive additives to improve the electron con-
ductivity of the cosintered CAM/SE layer. Any carbon added
prior to sintering will burn out if sintered under oxidizing
atmosphere or will reduce the oxide ingredients if sintered
under inert or reducing atmospheres. Alternatively, infiltration
of carbon after sintering is challenging due to the intention-
ally small inter-particle pore size in dense ceramic cathodes.
Instead of carbon, other conductive additives, such as the more
expensive indium tin oxide,®®! can be considered as a means to
improve the electron conductivity of the cathode layers. How-
ever, apart from the higher cost, the addition of non-CAM addi-
tives will inevitably compromise battery energy density, which
is contrary to the goal of developing SSBs. Clearly, the preferred
solution to overcome these challenges is to remove the conduc-
tive additives completely. This can be accomplished either by
increasing the ionic and electronic conductivity of the CAM or
by developing mixed ionic-electronic conducting (MIEC) solid
oxide electrolytes. The latter has been practiced extensively in
the development of solid oxide ionic conductors for fuel cells
and gas separation membranes.[2®]

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.['?%] Initial attempts on oxide-based
SSBs have been conducted using LCO (electronic conductivity:
107310 S cm™ depending on lithium deficiency?®) as the
CAM,B3195] although practical performance at room temper-
ature has not yet 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 with CAMs with reasonably high electronic con-
ductivity,?'% especially as cathode layer thickness increases.
Electronic conductivity is also important, especially when
thicker cathode layers are used to achieve higher areal specific
capacity.?!l Recent efforts with SSBs indicate similar trends,?!?!
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but SEs, by definition, do not infiltrate like LEs into the CAM
pores to provide an ion-conducting path and so only part of the
CAM surface may interface with the SE. Therefore, the max-
imum CAM particle size will be limited by the Li-ion diffusion
distances between the (potentially limited) CAM/SE interfaces
and the CAM particle interiors.

Conversion-type cathodes have great potential to increase
the specific energy of cells due to their high specific capacities.
Unfortunately, they are extremely poor electrical conductors,
e.g., FeFs, S, and O,. Therefore, to use such conversion mate-
rials in SSBs without an additional electron-conducting phase,
the electronic conductivity of the solid cathode composite
would need to be increased.?¥] However, the development of
MIEC capability for garnet-type electrolytes is still in its infancy,
with only a handful of published studies.?"l

7.4. Projection of SSB Energy Density and Rate Capability

Calculations of cell-level performance provide projections for
potential energy and power densities that can be achieved with
a particular design and chemistry of anode, cathode, and elec-
trolyte, as well as insight into the factors that limit cell voltage
and capacity.l”] Since this paper focuses on cathode architec-
tures, we modeled the potential performance based on LLZO
bilayer cells using the design shown in Figure 7c, where lithium
metal anodes were attached to a 10 pum LLZO dense layer and
various CAMs were envisioned as infiltrated/cosintered into
the porous LLZO layer.

7.4.1. Assessment of Theoretical Energy Density

Figures 8c and 8d show the theoretical thermodynamic energy
densities attainable for LLZO-based bilayer cells, assuming a
CAM content of 75 vol.% in the 3D CAM/LLZO layer with a thick-
ness up to 100 um. It should be noted that the Wachsman group
has prepared 3D LLZO scaffolds with porosities up to 85%.11%°!
The upper bounds in Figure 8c,d represent the maximum
energy density attainable for each cathode chemistry, where
the cathode layers are comprised of only LLZO and CAM
(Figure 8a). The parameters used for each cathode chemistry
are detailed in Table S1 (Supporting Information). The max-
imum theoretical cell energy densities increase linearly at low
cathode thickness due to the LLZO separator mass/volume
contributing significantly to the total cell mass/volume, and
then cell energy densities approach a horizontal asymptote at
high cathode thicknesses as the LLZO separator mass/volume
becomes insignificant in comparison to the cathode/anode
mass/volume. The higher specific energies of the conversion
cathodes (i.e., Li-air, sulfur, FeF;) result in theoretical gravi-
metric energy densities of 660 Wh kg™ to >1000 Wh kg~! for a
cathode thickness of =50 um; whereas the lower specific energy
intercalation cathodes (i.e., LCO, NMC622, NMC811) achieve
theoretical energy densities of up to 519 Wh kg™! for the same
thickness and 567 Wh kg™ for a 100 um NMC811 thick cathode.
In contrast, the volumetric cell energy densities of some cells
with conversion cathodes and intercalation cathodes overlap
because cells with conversion cathodes must have an empty
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Figure 8. Cell designs with lithium metal anodes attached to the LLZO dense layer and cathodes co-sintered (A) or infiltrated (B) into the porous LLZO
layer. C) Gravimetric cell energy densities and D) volumetric cell energy densities calculated for LLZO bilayer cell designs. The upper bounds represent
cells with only electrolyte and active electrode materials (Figure 8A).[21l The lower bounds represent cells with the active cathode materials partially

replaced by electronically conductive additives (Figure 8B).

pore volume to allow for cathode expansion during lithiation
(e.g., 78.7% volume expansion for S and 14.1% volume expan-
sion for FeF;).

However, neither laboratory nor commercial cells have
achieved energy densities near these maximum values, largely
because the CAM has been replaced with inert components. For
example, the lower limits in Figure 8c,d represent cells that con-
tain electronically conductive additives to compensate for the low
CAM electronic conductivity (Figure 8b).*"> Even small amounts
of this critical additive significantly reduce cell energy density, and
cells often contain additional inert components such as binders to
ensure full CAM utilization. Clearly, optimizing the cell design to
minimize the use of inert components as well as the remaining
porosity is a key requirement for creating the cells with high
energy density. Furthermore, if the ionically conducting/electroni-
cally insulating 3D SE network in the cathode structure can be
replaced by a MIEC, then even the critical electronically conduc-
tive additives can be removed, and cell performance can approach
the maximum energy density limits shown in Figure 8c,d.

It should also be noted that processing/yield issues may
require a thicker dense separator layer than modeled here.
However, a majority of the LLZO mass and total cell mass in
the bilayer structure is in the composite cathode layer rather
than the dense separator layer. For example, if the dense layer
was tripled in thickness to 30 pm for a 100 pm thick cathode
comprised volumetrically by 75% NMC 811 and 25% LLZO (the
design parameters used above) this would be a 57% increase in
LLZO mass, but only an 18% increase in total cell mass for cell
with no other cathode components that would otherwise reduce
this mass % increase further.

7.4.2. Prediction of Kinetically Limited Energy Density during
Operation

While the theoretical thermodynamic specific energies pre-
sented in the Section 74.1 are extremely encouraging and would
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in fact be game changing for conversion cathode materials, real
batteries are also kinetically limited by the accessible cathode
thickness for a desired current density/C-rate. During opera-
tion, transport losses and kinetic losses will reduce the attain-
able capacity of the cathode and the overall specific energy of
the cell. The challenges of LLZO-type SSBs and strategies to
mitigate them are discussed in detail in this paper, with a focus
on commercially available lower energy density intercalation
cathodes (e.g., LCO and NMC). Although conversion cathodes
offer much higher theoretical energy densities, we focus here
on the commercially available CAM with the highest demon-
strated specific energy (NMC811) and use continuum-scale
computational models to quantify the effects of NMC811 and
LLZO bulk properties and NMCS811/LLZO interfacial pro-
cesses on cell performance for the cell architecture shown in
Figure 8a.

Model Description: The calculations of specific energy under
operation conditions are based on simulations with a pseudo-
2D model following the formulation presented in ref. [217] for
state-of-the-art LIBs. This model was then specifically adopted
for the simulation of LLZO-type SSBs. A schematic represen-
tation of the continuum model in the form of a representative
equivalent circuit is shown in Figure 9c. The calculations can be
considered optimistic but realistic estimates of cell performance,
assuming percolating transport pathways in both CAM and SE
when neglecting electrochemical and mechanical degradation
phenomena. The constitutive equations and model assumptions
are described in detail in the Supporting information. An over-
view of the material properties used in this case study can be
found in Table 3. It must also be emphasized that these calcu-
lations were performed for pure all-solid-state batteries without
any additional electronically (e.g., carbon) or ionically (e.g., LE)
conducting phase or phases to fill interparticle voids.

Case Study: The cell setup is illustrated in Figure 8a and cor-
responds to the setup used for the assessment of theoretical
energy density in Section 74.1 (Figure 8a,b). The simulations
predict the impact of improvements in material properties and
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Table 3. Parameters and material properties in dynamic calculations.

Case State-of-the-art Improved materials
NMC811

Density [g cm™] 4.87218]

Otheo [MAh 1] 213,667

Mol. weight [g mol™] 97.28

Unom [V] 3.8617%

dso [um] 109 0.1%
D[ecm?sT 2.54 % 1071201212] 2.54 x 10711219
K[S cm™] 4.54 % 1072220] 3.151209
Rer [Q em? 26000831 15001331

Rsp [Q cm? 26000133 o
LLZO

Density [g cm™) 5.077

o[Scm™] 8 x107477] 1.0 x 1072b)
Bs | - 1397 0

Bort | - 2.31%1 1.5%

Li

Density [g cm™) 0.534

Qtheo [MAN g71] 3861.3

Mol. weight [g mol™] 6.941

ADesign parameter; YDesired parameter to reach close to theoretical specific
energy; The nominal voltage Uyom, CAM chemical diffusion coefficient D, and CAM
conductivity K are given as averaged value between 3 and 4.3 V. The corresponding
correlations can be found in Figure S1 (Supporting Information).

material processing on the performance of garnet-based SSBs
with a NMC811/LLZO composite cathode. The composites have
a fixed CAM content of 75 vol% and a thickness of either 50 or
100 um. For the dynamic calculations, we restrict the discus-
sion to the specific energy E,, as a characteristic performance
indicator. The virtual cells were operated at two relevant cur-
rent densities, namely 1 and 10 mA cm™2 The former is often
reported as the critical current density for stable operation of
lithium metal electrodes in a planar design. Suitable interface
engineering or 3D design (see Section 71) could enable den-
drite-free operation at current densities up to 10 mA cm2. Both
current densities are investigated in detail to predict the most
relevant material developments. The specific energies for varia-
tions of different material properties are presented in Figure 9.

First, we perform a sensitivity analysis of the virtual cells to
determine the limiting processes for the state-of-the-art mate-
rials. For the sensitivity analysis, all parameters are set to the
values in the right-hand column of Table 3, which represents
a set of parameters where none of the processes limits the cell
performance at 1 and 10 mA cm™ and the cell specific energy is
close to the theoretical values of 519 Wh kg™! and 567 Wh kg™
depending on electrode thickness. In a second step, individual
parameters or groups of parameters related to ionic and
electronic transport, interface processes, and Li-ion mobility in
CAMs are set to the values in the left column of Table 3 rep-
resenting in state-of-the-art parameters. The corresponding
adjusted parameters are given in parentheses below each case
name.
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The simulated specific energies of the virtual cells are shown
in Figure 9ab, with the red and blue lines representing vir-
tual 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 loss
in specific energy and visualizes the sensitivity of cell perfor-
mance to each parameter. The simulations show that improve-
ments to the ionic conductivity within the composite cathode
(“LLZO Ionic Conductivity” and “LLZO Secondary Phases”)
are most critical to improving the specific energy of LLZO-
type SSBs, especially at high loadings and current densities.
Interface processes, namely the effect of resistive interphases
(“Resistive Interphases”) and charge transfer kinetics (“LLZO/
CAM Charge Transfer”) also have a prominent effect, though
primarily at high current densities due to the high specific
interfacial area of the composite cathodes mitigating interface
limitations at low current densities. The mobility of Li in the
CAM (“CAM Li Diffusion Length”) is crucial to improving the
utilization of the CAMs 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 “Electronic Conductivity” of the composite was found
to have a minor effect on the cell specific energy, indicating that
the electronic conductivity is not limiting the cell performance
in the current cell design with high CAM content.

The results of this sensitivity study suggest the optimal
strategy for improving the practical specific energy of garnet-
type SSBs is as follows: 1) improve the effective composite
ionic conductivity by reducing secondary phases and grain
boundaries, 2) improve interfacial resistance by reducing resis-
tive interphases, 3) improve the mobility of Li in the CAM by
reducing the CAM internal grain boundaries and overall par-
ticle size, 4) improve the effective electronic conductivity of
the composite and ensure percolating 3D transport networks.
Figure 9d shows the resulting gains in cell-specific energy
made by following this development strategy, beginning with
cells with state-of-the-art parameters (gray bar, left column in
Table 3) and cumulatively adding individual improvements due
to changing individual material properties or processing (right
column in Table 3). Improvements related to interfaces within
LLZO or between LLZO and NMCB811 are indicated by the red
bar, while improvements related to the electrode or NMC811
microstructure and morphology are indicated by the blue bar.
The green bar depicts improvements of the ionic or electronic
conductivity, allowing to access specific energies close to the
thermodynamic limit shown by the purple bar. Note that in
this procedure, in addition to the absolute improvements of the
individual material properties, the order of the improvements
is also crucial and has a significant influence on the practical
achievable specific energy of the respective case. Therefore, the
development strategy presented in this section first addresses
the most pressing improvements needed to unlock the poten-
tial of oxide-based solid-state batteries.

State-of-the-Art Materials and Processing: To our knowledge,
no additive-free LLZO-based SSBs with NMC811 composite
cathodes have been reported in the literature so far. The gray
bars in Figure 9d show the specific energy predicted by our cal-
culations based on material-specific data published in the litera-
ture for LLZO and NMCB811. Fabrication of NMC811 composite
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Figure 9. Case study predicting the development of specific energy for the cell design shown in Figure 8a. Spider plots in A,B) present the sensitivity
of NMC811/LLZO/Li cells towards various material and design parameters indicated by the loss in specific energy compared to improved materials
(see right column in Table 3). A) Composite electrode thickness of 50 um and B) composite electrode thickness of 100 um. Red and blue lines rep-
resent current densities of 1 and 10 mA cm™2, respectively. The corresponding model parameters are shown next to each case and are set to the left
column of Table 3 representing state-of-the-art materials. The continuum model setup is represented by the schematic equivalent circuit shown in C).
The sensitivity provides the basis for the development strategy presented in Figure 9D). Gray bars indicate the specific energy of electrodes made of
state-of-the-art materials. All other colors represent cases corresponding to improved material properties or processing conditions. Improvements
related to interfaces within LLZO or to NMC811 are indicated by red color, and improvements related to the electrode or NMC811 microstructure and
morphology are 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.

electrodes is an ongoing challenge and similar performance
has to be demonstrated in future experimental work. Nonethe-
less, this case represents the parameter basis of our study and
the upper limit that can be achieved with state-of-the-art pro-
cessing methods and commercial materials.

The predicted state-of-the-art specific energy for a cell oper-
ated at a current density of 1 mA cm™ is about 24 Wh kg™

Adv. Energy Mater. 2023, 13, 2201939 2201939 (26 of 34)

and 15 Wh kg™ for a composite cathode thicknesses of 50 and
100 pum, respectively. This corresponds to about 5% and 3% of
the above thermodynamic values, respectively. Comparison of
the theoretical specific energy with the dynamic calculations
highlights the kinetic limitations observed with state-of-the-
art materials and processing conditions. At 10 mA cm™ this
effect is even more pronounced, and the simulations predict
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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 reference case and high-
light relevant material, processing, and design developments to
advance LLZO-based SSBs.

Internal Electrolyte and Electrolyte/Cathode Interfaces: A key
aspect of this perspective is interfaced in oxide-based solid-state
batteries. In particular, we discuss the role of internal electro-
lyte interfaces and interfaces between the SE and CAM. First,
we focus our attention on the role of homo-interfaces and sec-
ondary phases in the SE. In a recent study, Neumann et al.[?’]
found that the GB resistance and secondary phases in highly
porous samples contribute significantly to the overall resistance
of SE. In combination with the geometrical tortuosity of the SE
network, these effects reduce the effective ionic conductivity by
more than two orders of magnitude from 67120 =8x10™* S cm™
t0 Olier = Erz0 20 =5%107° S cm™ (B, = Biowt + Bop = 2.31 +
1.39 = 3.7). Mitigation strategies aimed at reducing the contri-
butions from secondary phases and GBs are outlined in detail
in Section 2. By avoiding secondary phases and assuming GB
contributions similar to those measured in dense pellets*’!
(Ohizo =8%107*Scm™, fgg = 0), one can boost the effective
ionic conductivity to oy = 3.3 X 10~ S cm™L This optimiza-
tion results in a jump of the predicted specific energy to more
than 200 Wh kg! and 300 Wh kg! for the electrodes with
50 um and 100 um thickness, respectively. In the latter 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 significant effect at 1 mA cm™, only moderate
improvements are predicted at 10 mA cm™?, indicating that
additional limitations need to be resolved to enable operation at
high current densities.

Section 3 addresses issues in the processing of LLZO/
CAM interfaces. An interface impedance of about 2600 Q cm?
between LCO and LLZO has been reported in the literature.
Ruess et al. measured a similar interfacial resistance for their
NMC811-containing cells with an agyrodite-type SE.'21 In the
absence of data on NMC811/LLZO interfaces, we define this
resistance as the state of the art for our virtual cells. In both sys-
tems mentioned above, the local interfacial resistance comprises
contributions due to the charge transfer (Rcr) and secondary
phases resulting from electrolyte degradation during processing
and operation (Rgp). Deconvolution of the contributions in
impedance data is challenging. In the state-of-the-art case, we
assume that most of the interfacial impedance can be attributed
to resistive secondary phases. Under these conditions, close to
linear dependence of the overpotential on the current density
is expected. Indeed, we see a significant drop of the cell voltage
during simulated cycling already at 1 mA cm™. At 10 mA cm™,
the cell voltage drops below the cutoff voltage almost imme-
diately, despite the ionic transport improvements described
in the previous paragraph. We assume that with appropriate
processing procedures, the resistive interphases can be signifi-
cantly reduced. In this case, the charge transfer across the SE/
CAM interface is Faradaic in nature and can be described by
the common Butler-Volmer equation. Note that in this case the
overpotential depends logarithmically on the current, which
promises significantly reduced overpotentials during operation
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at high current densities. Strategies for improving stability and
charge transfer resistance using different coating strategies
have also been discussed in Section 72. For instance, coatings
have been shown to effectively reduce the resistance of the
LCO/LLZO interface by more than an order of magnitude.®]
An important consideration, discussed in detail in Section 4,
is space charge layers that impede charge transfer and can be
reduced by appropriate interface engineering.?2!l Coating strate-
gies have yet to be developed for NMC-type materials, but in
general similar effects are anticipated. Corresponding simula-
tions are shown by the light red bars in Figure 9d. At 1 mA cm™,
the simulations predict minor improvements in specific energy
compared to the significant increase obtained by improving
LLZO internal interfaces (dark red bar). However, at 10 mA cm2,
improvements in the NMC811/LLZO interface allow the virtual
cell to demonstrate some specific energy, albeit only 3-5% of
the theoretical specific energy depending on cathode thickness.
This is a key step and demonstrates the importance of interface
design for operation at high current densities. A major advan-
tage of the 3D electrode design compared to planar interfaces is
the orders of magnitude larger reactive surface area. It should
be noted that chemo-mechanical effects at the interface due to
volume changes during operation also play an important role
in this context and can lead to loss of contact and active sur-
face 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 longer limits
the cell performance even at 10 mA cm™ once the secondary
phases at the interface can be mitigated.

Microstructure of Composite Electrodes and Cathode Active
Materials: Section 7.1 presented various design paradigms to
improve the specific energy of LLZO-based SSBs. One impor-
tant aspect is the microstructure of the composite cathode.
Two key parameters determining the composite cathode
architecture are the thickness and CAM content. The depend-
ence of specific energy on CAM content is also illustrated in
Figure S2 (Supporting Information). In the study presented
here the CAM content of the composite cathode is fixed to
75 vol.%, which promises a very high thermodynamic specific
energy. However, high CAM content increases the tortuosity
of the 3D SE network and thus decreases the effective ionic
conductivity, which is one of the major bottlenecks for prac-
tical SSBs. Therefore, optimization of the 3D ionic network is
important to reduce the tortuosity of the transport pathways,
and the benefit of improved cathode architectures is illustrated
by the dark blue bars in Figure 9d. Reduction of electrode
tortuosity (0hizo =8x107*Scm™, B. = B = 1.5) provides an
effective ionic conductivity as high as opj.e= 1% 107* S cm™.
The simulations indicate that optimization of the 3D SE trans-
port network is particularly important for thick electrodes and
high current densities. Optimized microstructures are pre-
dicted to double the specific energy of virtual cells with 100 pm
thick cathodes operating at 10 mA cm™2, reaching up to 11%
of the theoretical specific energy. Although these numbers are
promising, they also suggest that additional improvements in
SE conductivity as well as CAM properties are critical to achieve
competitive cell performance (as discussed later).

The mobility of Li-ion in the CAM determines the utili-
zation of the active material. Ruess et al.’l measured the
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chemical diffusion coefficients of Li-ions in polycrystalline
NMCS811 using both LEs and SEs. In particular, the effective
or chemical diffusion coefficient in polycrystalline NMC811
measured with SEs was found to be about D=2.5x 1072 cm?s7,
which is more than an order of magnitude lower than the
value measured in the same material with an LE. This demon-
strates the role of homo-interfaces for Li-ion mobility in CAMs
for SSBs. Recently, single-crystal active materials have been
proposed for SSBs with up to an order of magnitude higher
chemical diffusion coefficient (D = 2.5 x 107" cm? s71).21%
Corresponding simulations with enhanced Li-ion mobility in
NMCB811 (light blue bar) predict a significant increase in spe-
cific energy, mainly due to much better utilization of NMC811.
At 1 mA cm™2, up to 78% of the theoretical specific energy
can eventually be achieved. Internal CAM interfaces are also
included in Figure 1, but their relevance has not yet been dis-
cussed in detail in this context. Nevertheless, the simulations
demonstrate the importance of designing CAM particles with
a defined microstructure. Another simple yet efficient strategy
to reduce diffusion limitations is to reduce the effective diffu-
sion length. The simulations predict that complete lithiation of
the CAM particles requires a reduction of the particle diameter
down to 100 nm. At 1 mA cm™ virtual cells using these reduced
CAM nparticles demonstrate specific energies already close to
the theoretical limit. However, the processing of the materials
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 to
provide specific energies of more than 90% of the thermo-
dynamic limit. At 10 mA cm™2 the effect of the Li chemical
diffusion length is even more pronounced and the cell spe-
cific energy increases dramatically after reducing CAM par-
ticle diameter to 100 nm size, though it is still less than the
specific capacity of identical cells operated at 1 mA cm™2. The
simulations indicate that additional improvements in mate-
rial transport properties are required at high current densi-
ties for ultrahigh specific energies close to the theoretical
limits.

Composite Ionic and Electronic Conductivity: Another critical
parameter, discussed in Section 73, is the effective electronic
conductivity and the connectivity of the CAM network in the
cathode composite. Note that the formation of an intercon-
nected network is one of the fundamental assumptions of the
model and is intrinsically included in the calculations. The con-
ductivity of NMC materials varies between 107" and 107> S cm™
depending on the lithium content.?2%] Even near the fully lithi-
ated state, it is of the same order of magnitude as the LLZO
conductivity, which means that the electronic conductivity does
not limit the utilization of the active material during most of the
discharge cycle. In the thick electrode, with an average effective
conductivity of kg= 2.3 x 1073 Scm™ (k& =4.52X107Scm™,
B; = 2.3), the ohmic loss is only around 50 mV at 10 mA cm™.
Nevertheless, insufficient contact between the CAM particles
could increase the electronic resistance and lead to larger ohmic
losses, especially at high current densities. This indicates that
the primary, yet very important, role of conductive additives or
mixed ionic-electronic SEs discussed in Section 7.3 is to form a
percolating network to maximize CAM utilization.??2l The elec-
tronic conductivity of these materials should then surpass the
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NMCB811 conductivity to improve performance at higher current
densities.

Most of the green bar in Figure 9d can indeed be attri-
buted to improvements in the SE ionic conductivity. Qin et al.l
showed that self-textured growth of Ga-doped LLZO can pro-
vide improved conductivities of up to 2 mS cm™. The substan-
tial increase in ionic conductivity to Oy = 2.5 X 107*S cm™
(Ohzo =2%x107°Scm™, B. = B = 1.5) eventually allows to
access more than 97% of the specific energy at 10 mA cm™.
Yet, to gain the last few remaining percent of specific energy,
considerable improvements in the bulk SE ionic conductivity
up to 670 = 1x107°S cm™ are required. These simulations sug-
gest that full CAM utilization at high current densities in 3D
composite 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-based SEs.

Summarizing the results of our calculations, we can con-
clude that the main limiting kinetic factors are as follows: 1) the
low effective ionic conductivity in the SE matrix for composite
cathodes with low SE mass/volume ratio;?”) 2) the resistance at
the CAM/SE interface;!®3 and 3) the low Li-ion chemical dif
fusion coefficient and long diffusion length in polycrystalline
CAM nparticles.? This study demonstrates that the material
and processing optimization strategies outlined in this perspec-
tive eventually might pave the way to stable, safe LLZO-based
SSBs with high specific energy at commercially relevant cur-
rent densities.

8. Conclusions and Future Challenges

In conclusion, detailed understanding and manipulation of
both homo- and heterointerfaces and electrode microstructure
in oxide-based SSBs is key to unlocking the full potential of this
promising class of materials at the full-cell level. Significant
research efforts in material synthesis and processing, as well as
advanced analysis tools and modeling, are required.

At the materials level, there are still myriad gaps in our knowl-
edge of homointerfaces (e.g., the grain boundaries discussed in
Section 2) that limit the correlation between the processing,
structure, and properties of the LLZO SE. In-depth knowledge
of the microstructural evolution of LLZO during sintering,
including 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 resistance in the mixed cathode. For heterointerfaces,
advanced processing techniques or routes to obtain crystal-
line, clean interfaces with low Li-transfer resistances need to
be further explored. While the formation of secondary 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 degradation. The
knowledge gained here can lead to remedial strategies, either at
the materials level, e.g., via coatings or bulk dopants, or at the
operational level of the cell, e.g., by limiting it to upper or lower
cutoff potentials for charging and discharging.

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

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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degradation phenomena via in situ or even operando studies.
While techniques that are sensitive to the chemical envi-
ronment, such as XPS, Raman spectroscopy, and NMR, are
extremely powerful, adequate model systems need to be
developed that limit the complexity of the system and allow the
relevant dependencies to be extracted under operating condi-
tions. While thin film cells can be fabricated using PLD, PVD,
or CVD techniques, the challenge here is to avoid undesir-
able side reactions and to ensure that the model interfaces are
sufficiently similar to those actually fabricated using industri-
ally relevant techniques. Techniques that are insensitive to the
chemical environment, such ion beam (SIMS, NRA, PIXE,
PIGE) or neutron (depth profiling) based techniques, often
have significant advantages, such as quantification of Li and 2D
or even 3D mapping capabilities, and can be applied directly
to working state-of-the-art cells. However, without the chemical
information at a resolution above the interface dimensions,
they need to be combined with chemically sensitive techniques
and advanced modeling to obtain a comprehensive under-
standing of degradation phenomena during operation.

To tie experimental observations and fundamental degrada-
tion mechanisms together, complementary modeling across
the full range of scales, from the atomic to the component
level, is required. While simple DFT structural relaxation
methods have dominated the computational landscape to date,
a direct dynamical approach using MD or a combined MC-MD
approach is required to access relevant time scales and hetero-
geneous complexity. In addition, interatomic potentials based
on various machine-learning models could be an effective way
to predict chemical reactions and complex phase diagrams. At
the component level, the main challenge is to incorporate the
complex microstructures of mixed cathodes and their effects
on electrochemical and mechanical properties. By using recon-
structed microstructures of real cells as input parameters
for continuum modeling, electrochemical performance and
electro-chemomechanical stress evolution can be assessed on
the component scale.

Validation of the models both on the atomistic scale via inter-
face-sensitive techniques and on the component scale via 2D
and 3D mapping provides the necessary foundation for future
material and processing development, paving the way for high-
performance oxide-based SSBs.

Finally, oxide-based SSBs offer not only a dramatic increase
in safety due to the nonflammable electrolyte, but also a dra-
matic increase in theoretical energy density (>500 Wh kg™ with
commercial NMC811 and >1000 Wh kg with future conver-
sion cathodes) compared to state-of-the-art commercial LIBs.

The challenge of practically achieving these energy densi-
ties in real cells under high applied current densities remains.
As described above, these issues depend on reducing and sta-
bilizing the CAM/LLZO interfacial impedance, optimizing
the CAM/LLZO 3D microstructure, and increasing the ionic/
electronic conductivity of the cathode composite to achieve
higher current densities as the cathode becomes thicker. In
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 formed
in the CAM particles as is done with a LE. Therefore, smaller
CAM nparticles and/or thin films are necessary to achieve
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theoretical energy densities for intercalation cathodes. How-
ever, this problem can be circumvented for conversion cath-
odes with much higher theoretical energy densities.
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