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Designing Cathodes and Cathode Active Materials

for Solid-State Batteries

Philip Minnmann, Florian Strauss, Anja Bielefeld, Raffael Ruess, Philipp Adelhelm,
Simon Burkhardt, Séren L. Dreyer, Enrico Trevisanello, Helmut Ehrenberg,

Torsten Brezesinski,* Felix H. Richter,* and Jiirgen Janek*

Solid-state batteries (SSBs) currently attract great attention as a potentially

safe electrochemical high-energy storage concept. However, several issues still
prevent SSBs from outperforming today’s lithium-ion batteries based on liquid
electrolytes. One major challenge is related to the design of cathode active
materials (CAMs) that are compatible with the superionic solid electrolytes (SEs)
of interest. This perspective, gives a brief overview of the required properties and
possible challenges for inorganic CAMs employed in SSBs, and describes state-

material (CAM) in its lithiated form, that
is, as present in a discharged cell. In its
delithiated form, when the cell is charged,
it is the only cell component that is con-
tributing to storing energy (in conjunc-
tion with a hypothetical in situ lithium-
plated anode formed during charging),
thus making it the material required to
be present in large quantity to achieve a

of-the art solutions. In particular, the issue of tailoring CAMs is structured into
challenges arising on the cathode-, particle-, and interface-level, related to micro-
structural, (chemo-)mechanical, and (electro-)chemical interplay of CAMs with
SEs, and finally guidelines for future CAM development for SSBs are proposed.

1. Introduction

The increasing demand for safe, reliable, and affordable energy-
storage devices has stimulated extensive battery research and
development in the last decade. While the development of con-
ventional lithium-ion batteries (LIBs) using organic liquid elec-
trolytes (LEs) is approaching physicochemical limits, solid-state
batteries (SSBs) with high capacity anodes (e.g., Li metal) are
considered as a promising alternative, and their commercializa-
tion within the near future is strongly anticipated.l'-3!

The key component of any battery, regardless of whether
utilizing LEs or solid electrolytes (SEs), is the cathode active

high-performing cell. All other compo-
nents, which may be required for large
scale processing, only decrease the specific
energy of the cell and are, therefore, engi-
neered to minimize their content without
affecting the function of the cell. This
is evident in the research efforts made
to increase the CAM content in the cathode layer, decrease
the separator thickness as much as possible, and the pursuit
to plate lithium metal in situ (in “anode-free” cells, which are
more correctly described as “zero excess lithium metal” cells)
without the use of an anode active material.! Thus, the CAM
type and content in the cell ultimately determine the maximum
specific energy that the system can provide.

Moreover, the CAM contributes a significant proportion to the
overall cell costs,l hence the necessity of steady tailoring toward
reduced costs and higher energy density. So far, CAM develop-
ment has mainly targeted performance optimization with LEs in
LIBs. For instance, cathode electrolyte interface (CEI) formation, ]
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cracking of CAM particles,/) transition metal dissolution,® and
HF scavenging® have been identified and extensively studied,
and rational materials design has allowed to overcome these
challenges.[”! This resulted in today’s state-of-the-art CAMs for
LIBs, primarily referring to layered lithium metal oxides LiMO,
(M = Ni, Co, Mn, Al, etc.). However, a transition from LIBs to
SSBs is associated with different requirements for CAMs, which
are rooted in the different properties of SEs (electrochemical
stability, mechanical rigidity, etc.) as compared to LEs. Exam-
ples are different (electro-)chemical reactions at the electrolyte—
CAM interfacel®*112l and increasing importance of (chemo-)
mechanical processes!’> or composite cathode fabrication.

The main types of solid lithium-ion conductors can be
roughly divided into oxide-, sulfide-, halide-, and polymer-based
SEs. Each of these material classes has distinct advantages and
disadvantages, which have been summarized in several reviews
elsewhere.>22l For instance, oxide-based SEs possess a high
(oxidative) electrochemical stability, preventing decomposi-
tion when in contact with (high-voltage) CAMs. However, their
maximum ionic conductivity (=1 mS cm™ at room temperature
[r.t.]) appears too low to enable fast charge/discharge kinetics,
which can only be realized if the materials are sintered. Unfor-
tunately, CAM/SE decomposition reactions take place at lower
temperatures than required for proper sintering.?3! In addition,
their mechanical rigidity and brittle nature greatly complicate
attaining and maintaining the required intimate contact with
the CAM, especially when considering the volume changes
occurring during cell cycling.l!

In contrast, polymer-based SEs possess favorable mechanical
properties and can be processed in solution or molten form,
which allows simple implementation into existing roll-to-roll
processing lines for LIB fabrication. However, their ionic con-
ductivities are yet too low for reasonable room-temperature
operation, and limited oxidative electrochemical stability pre-
sents additional challenges during cell cycling. Nevertheless,
polymer-based cells with LiFePO, (LFP) as CAM are available
and used in public transportation.[?4

The most prominent class of present-day SEs are sulfide-
based materials, or in particular lithium thiophosphates,
displaying exceptionally high rt. ionic conductivities up to
25 mS cm™. They also have suitable mechanical properties (i.e.,
malleability and low Young’s modulus), which makes them
ideal candidates at first sight. However, they exhibit a narrow
electrochemical stability window, and consequently, artificial
protection layers avoiding direct contact with the CAM need to
be implemented.?"2]

Halide SEs have recently regained great research interest,
mainly owing to their high oxidative electrochemical stability,
allowing their use together with unprotected CAMs. Apart from
that, their mechanical properties allow moderate ionic conduc-
tivities (1 mS cm™) to be achieved in a cold-pressed state. In
addition, they may also serve as a protective coating on the CAM
surface, provided they do not react with the catholyte.?®l As
mostly rare-earth or other resource-critical metals are employed,
their commercial use as catholyte is somewhat questionable.??!

Please note, that there are cell concepts using more than one
SE.

To sum up, independent of the employed SE, a strong
interplay between CAM and SE most likely requires a
complementary design of both materials to achieve maximum
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battery performance. In this perspective, we summarize spe-
cific issues regarding the application of inorganic CAMs in
SSBs based on mainly sulfide and halide SEs. We elucidate the
requirements of such CAMs to be addressed from a materials
perspective and describe possible challenges and solutions.
Building on this, we focus on proposed design principles
toward improved CAMs, aiming to provide guidelines for
rational CAM development for SSBs.

2. SSB Cathodes—Challenges

Composite cathodes in SSBs are generally composed of CAM
and SE particles in combination with polymer binders and
carbon-based additives, which improve the mechanical and elec-
trical properties, respectively. In general, the fabrication of high-
performance SSB cathodes presents challenges on different
length scales, ranging from the micro- to the nano-scale which
are related to the composite cathode, CAM particles, and inter-
face between CAM and SE, respectively (Figure 1).””] Besides
optimizing the composite cathodes on a microscale level, the
CAM itself needs to be tailored for application in SSBs to be
(chemo-)mechanically compatible with the SE. In the following,
we describe the different requirements for the CAM and com-
posite cathodes from materials and processing perspectives.
Although various parameters related to the different materials
(SE, binder, conductive additives) in SSB cathodes influence the
cell performance, we focus on the particular design parameters
of the CAM, as this material is the integral constituent.

2.1. Cathode Microstructure and Charge Transport

First of all, SSB cathodes should possess high ionic and elec-
tronic partial conductivities together with a high loading of
CAM to remain within several tens of Q cm? of internal cell
resistance and maximize both, energy and power density.?8!
However, there is usually a trade-off between maximizing
energy and power. For instance, a high content of CAM is nec-
essary to increase the energy density of the cathode and in an
ideal composite cathode, the CAM fraction approaches 100 %.
This goes hand in hand with a lower content of SE, which in
turn increases the tortuosity of ionic conduction pathways and
limits the attainable power density.?>-33] Therefore, electrode
engineering requires careful balancing of CAM volume frac-
tion and electrode thickness. To date, experimental studies
commonly use =50 vol% CAM fraction to ensure ionic percola-
tion["*3133-3%] and geometrical models suggest an optimal com-
position in terms of active surface area between 60 and 70 vol%
CAM fraction depending on the porosity in homogeneously
distributed composites.**3”] We therefore anticipate, that, with
tailored manufacturing techniques and liquid additives that
reduce porosity and enable highly homogeneous particle distri-
butions, commercial ASSBs, designed to provide high energy
density, will target at least around 70 vol% CAM fraction. A
detailed overview of experimentally achieved composite cathode
loadings and the influence of kinetic transport limitations can
be found elsewhere.l38l

In contrast to cathodes employed in LE-based LIBs, porosity
is detrimental to SSB cathodes and should be reduced to a
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Figure 1. Schematic overview of the important processes occurring on different length scales in SSB cathodes, causing various challenges to the
development of scalable fabrication processes and tailored materials properties.

minimum, as pores are neither electronically nor ionically conduc-
tive and negatively affect the charge transport.*”) Apart from the
conductivity, pores prevent active interface between SE and CAM
and, depending on surface coverage, pore size, and distribution
models, predict a significant increase in overvoltage.l*l There is, of
course, the possibility of introducing liquid ion conducting addi-
tives into the cathode to eliminate the pores, however, this concept
leads to additional interfaces and needs further evaluation.

As a consequence, the charge-transport percolation, or
in other words the ability to supply electrons and ions to all
regions in the cathode, is a crucial condition when fabricating
high-performance composite cathodes. Ionic and electronic
percolation depends on several parameters, such as con-
ducting-phase content,!2>-31142] particle-size ratio,3%3*3# and
processing conditions.3+*~*8 Recent studies have shown that
partial conductivities are suitable descriptors for the charge-
transport percolation, and several experimental setups have
been developed to determine the transport properties in dif-
ferent cathodes architectures.[2%:31:41:49.50]

a) liquid electrolyte

Li

® cAav

LE

SE

pores filled by LE

low tortuosity

The reader should note that SEs, different from LEs, pos-
sess their own microstructure, consisting of bulk and grain
boundary, that can lead to ill-defined and non-uniform trans-
port properties on the microscale (see Figure 2). Poorly con-
ducting grain boundaries may further increase the “apparent
tortuosity” of the ionic transport (as obtained from charge-
transport measurements) beyond the “geometric tortuosity,”
which only considers the respective distribution of phases.
Thus, the SE and CAM particle microstructures are crucial for
the electrochemical performance and have been studied from
a modeling perspective alone or in combination with experi-
mental works.

In general, the motivation for modeling composite cath-
odes for SSBs is driven by explaining experimental observa-
tions and, more importantly, providing guidelines on how to
optimize the cathode microstructure. This involves the identi-
fication of the optimum composition of the cathode relevant
parameters, such as particle-size distribution (PSD) of CAM
and SE, required SE conductivity, and phase fractions of the

b) solid electrolyte

porosity and
grain boundaries

high tortuosity

Figure 2. Comparison of composite cathodes using a a) liquid- or b) solid-electrolyte. A liquid electrolyte can infiltrate the cathode and penetrate pores,
leading to both, a uniform distribution of charge transport pathways and a low tortuosity for ion transport (red line in [a]). In the case of the solid electro-
lyte, residual porosity and grain boundary resistances result in much more tortuous transport pathways and a higher overall tortuosity (red line in [b]).
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Figure 3. Schematic illustration of effects that come into play if changing the liquid electrolyte to a solid electrolyte. a) Cracking of CAMs induced by
(chemo-)mechanical stress leads to reduced transport pathways in the case of a liquid electrolyte, because it can penetrate the newly formed pores.
In case of a solid electrolyte, the transport pathways are increased in length. b) Large volume changes result in contact loss between CAM and SE and
cause increased interface resistances. c) During cathode fabrication, a liquid electrolyte can penetrate the porous cathode and wet the free surface. A
solid electrolyte is already part of the slurry before the cathode layer is fabricated. Although this may provide certain advantages in terms of reduction
of processing steps, it is difficult to achieve intimate contact between CAM and SE, especially if the CAM possesses a complex surface morphology.
Porosity and grain boundaries can affect the charge transfer and point contacts lead to current constriction and limit electrode kinetics.

respective constituents to achieve high energy and power den-
sities while minimizing residual pore space. Most modeling
studies rely on representing the cathode microstructure in
voxels or simulate it using the finite-element method. To obtain
a representative microstructure, voxel data are either directly
imported from p-computed tomographyP! or focused ion
beam scanning electron microscopy®? or reconstructed from
SEM images.[032363 This allows to extract PSDs, particle
shapes, or material distributions. In addition, fully synthetic
microstructures are used to examine the impact of particular
design parameters.[30:36:3745,53-57]

However, a challenge in the microstructure reconstruction is
the high resolution that is required for binder and carbon addi-
tives, as these are much smaller in size and contrast to CAM
and SE. Thus, most microstructure reconstructions do not take
these components into account, with the exception of some
recent studies reporting about the influence of the carbon black
content in LFP/polyethylene oxide:LiTFSI composites,*>>4
the microstructure of the carbon additive in LiNi,Co,Mn,O,
(NCM)/LigPSsCl (LPSCl) composites,*® and the effect of nitrile
butadiene rubber and polyvinylidene-fluoride binders in NCM/
LPSCI composites.[3%]

2.2. Chemo-Mechanics during Electrochemical Cycling

As all constituents of inorganic SSBs are solids and usually
constrained by volume in the cell housing, (electro-)chemically
driven volume or morphology changes during cycling have a
profound effect on the performance and degradation. In the
cathode, volume and/or morphology changes are in particular
related to the CAM upon (de-)lithiation and are dependent on
the state of charge (SOC). Figure 3a,b illustrates how common
(chemo-)mechanical effects, such as interparticle stresses and
CAM expansion/contraction, have to be taken into account
when replacing a LE by a SE.

Adv. Energy Mater. 2022, 2201425 2201425 (4 of 18)

Since not all CAMs exhibit the largest volume change at
the highest SOC, we focus on the maximum volume change
(AVima/V) during cycling. Whereas conventional intercala-
tion- or insertion-type CAMs mainly undergo volume changes
in the range of several percent while maintaining the original
crystal structure, conversion-type CAMs can undergo volume
changes up to hundreds of percent, in addition to morphology
changes due to the electrochemical conversion reaction. Please
note, that volume changes are not necessarily isotropic’l and
the resulting strain can differ significantly along different crys-
tallographic axes, leading to massive anisotropic stress and
mechanical damage. Thus, there is a strong current research
interest to understand the effect of (chemo-)mechanical pro-
cesses on battery performance and to find strategies to mitigate
degradation mechanisms. For instance, the combination of thi-
ophosphate-based SE (e.g., fLi;PS, [LPS] or LPSCI) and poly-
crystalline (PC) Ni-rich NCM CAM is highly attractive and often
reported. This is mainly triggered by the high ionic conductivity
of Li-thiophosphate SEs in combination with their malleability
(low Young’s modulus), which allows to accommodate (electro-)
chemically driven volume changes during battery operation to a
certain extent.?!l

Such volume changes become more prominent if Ni-rich
NCM or conversion-type CAMs are employed, leading to
impedance increase and decreasing battery performance. How-
ever, modeling studies addressing (chemo-)mechanics remain
largely elusive.” In particular, the volume changes of the CAM
during cycling can lead to interparticle cracking (for PC CAM)
and pore formation between the SE and CAM particles, causing
contact loss and increased tortuosity.'3*4] In addition, it can
be assumed that internal stress/strain generation in the cathode
can cause cracking of the SE matrix (including the separator
layer). This adversely affects the ionic and electronic percola-
tion pathways, and ultimately results in poor electrochemical
reversibility and capacity fading due to loss of contact to CAM
upon prolonged cycling. While LEs can penetrate into these
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pores and cracks,”! SEs are rigid and cannot do the same.l"’!
On a laboratory cell scale, these effects have usually been com-
pensated for by applying external pressures of a few to tens of
MPa to the SSB. Clearly, such high pressures are not suitable
for large-scale commercial applications.'*¢%1 Consequently, it
is important to find and develop materials combinations that
allow to minimize or even avoid detrimental (chemo-)mechan-
ical effects in SSB composite cathodes.

2.3. Interfacial Compatibility

In addition to the dominant role of (chemo-)mechanics, the
interfacial compatibility between CAMs and SEs is another
important issue. From a chemical perspective, the low chemical
potential of lithium in the employed CAMs leads to oxidation
of the SE. During oxidation, ionically poorly conductive phases
are formed, for example, phosphites/phosphates, sulfites/sul-
fates, and polysulfides in the case of thiophosphate-based SEs.
These narrow down transport pathways and cause an increased
interfacial resistance, thereby impeding charge transfer.12461
Oxidative SE decomposition can either be addressed via the
implementation of stable SEs (i.e., oxides or halides) or through
the application of a protective surface coating to the CAM, pre-
venting direct contact with the SE. The primary function of a
surface coating is to act as an electron blocking but lithium-ion
conducting layer, so that the SE does not experience the low
chemical potential of lithium in the CAM. However, sufficient
electronic transport through the protective coating between the
particles needs to be ensured to enable (de-)lithiation of the
CAM. Moreover, if the coating itself is too brittle, it can lose
contact to the CAM during cycling due to the accompanying
volume/morphology changes. In addition, the application of a
surface coating introduces new interfaces, namely SE/coating
and CAM/coating interfaces, which may have detrimental
effects on the charge-transport properties of the composite
cathode.

Switching from thiophosphate- to oxide-based SEs comes
along with different challenges, as oxide SEs are much more
rigid, thus achieving and maintaining intimate contact with
the CAM (and other electrode constituents) remains chal-
lenging (see Figure 3c) and often requires high-temperature
sintering.?’ In this regard, halide-based SEs (e.g., Li3InClg or
Li;YClg) may be a more suitable choice, as they combine high
oxidation stability with favorable mechanical properties, but
typically contain resource-critical and potentially costly ele-
ments.?2 If only minor amounts of these materials are used
in the form of nanoscale coatings their material cost is less of
an issue.

In summary, interface engineering requires tailored
approaches depending on the type of CAM and SE used and
presents specific challenges for the materials development.

3. SSB Cathodes—Requirements and Solutions

As shown in Figure 1, SSB cathodes need to be tailored on dif-
ferent length scales, pertaining to challenges in the composite
cathode, CAM particles, and interface formation between CAM

Adv. Energy Mater. 2022, 2201425 2201425 (5 of 18)

www.advenergymat.de

and SE. In the following, we describe the requirements going
from the macroscale (cathode level) to the nanoscale (interface
level), and outline possible optimization strategies for each
level.

3.1. Cathode Level

To achieve high-performance SSB cathodes, careful balancing
of the SE versus CAM content (and other additives) is required.
Several experimental studies focused on tailoring these param-
eters, also addressing the charge transport and (chemo-)
mechanical stability with the goal to increase cell perfor-
mance.3%3U However, the fact that inorganic SEs possess their
own microstructure (and PSD) implies that the SE and CAM
PSD should be adapted to one another in order to achieve the
highest possible packing density, thereby avoiding pore space
and increasing energy density. It has been reported that the use
of small SE particles (large CAM/SE particle-size ratio) in com-
bination with spherical CAM particles is favorable for a high
packing density.3%%>>1 Moreover, for percolation modeling,
experimental results indicate that NCM secondary particles
with a diameter of 3-5 um are beneficial for the interparticle
connectivity, as they provide a sufficiently high specific surface
area and many contact points with other NCM particles.*%]
Additionally, CAM fractions above 60 vol% may even enable
carbon-free cathode composites if the electronic conductivity of
the CAM is sufficiently high.[3!3¢]

The most cost-effective way to fabricate SSB cathodes is to
adopt already existing processes that are currently utilized in
the production of LIBs, that is, slurry-based tape casting. How-
ever, new mixing strategies need to be developed, since the SE
is usually already part of the slurry, and a uniform distribu-
tion of all electrode constituents after tape casting is required
to maintain optimized charge percolation networks throughout
the cathode.

A promising concept may be the application of gradient cath-
odes, in which a high electronic conductivity is achieved at the
current collector and a high ionic conductivity is achieved at
the separator side of the cathode.*"%2l A gradient architecture
compensates for the heterogeneity of the respective network
resistance throughout the cathode cross section. Although the
total charge flux through the cathode is constant at every dis-
tance from the separator and current collector, the resistance
is smaller for ions at the separator, while the electrons experi-
ence a smaller resistance at the current collector side and vice
versa.’62l This can be understood in terms of a reaction zone
model, where lithiation starts at the cathode side, at which the
charge carrier experiencing the highest resistance is inserted. A
detailed description is given by Usiskin et al.l%

Conductivity gradients can be achieved by varying the CAM
volume content, and it may also be possible to use particles
with different properties in different parts of the cathode. For
instance, small particles with short diffusion pathways could
be employed at the current collector side and larger particles
at the separator side, so that ionic transport limitations will be
mitigated. To further increase the rate capability, considera-
tion of the above requirements may be useful in the design of
CAMs. Another issue related to manufacturing is the amount
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(and type) of binder needed to achieve mechanical integrity
and to enable large-scale cell fabrication.’’*! To date, binder-
containing cathodes have shown limited performance, as
polymer binders block active (free) surface and conduction
paths.[3>03-651 There are approaches aiming at minimizing the
binder content based on dry-processing using a PTFE-binderl®¢!
or by selective removal from the electrode via heat treatment.[’]
Dry processing has the advantage of excluding solvent from the
production process, thereby eliminating the possibility of deg-
radation reactions between CAM and solvent or SE and solvent.
Additionally, high shear forces may be generated (extrusion)
and could create sufficient contact points between the CAM
and SE particles, provided the mechanical properties of the
materials are tailored accordingly.

Another possibility is the liquid phase (melt) infiltration of
the cathodes with subsequent SE crystallization, which can
ideally result in a dense electrode.®! However, this approach
requires SEs of low melting points and high ionic conductivity
(vet to be discovered/synthesized).

As described previously, many parameters can influence
the resulting performance. Thus, tailoring SSB cathodes via
design-of-experiment approaches or comparable computation-
aided methods is well suited to reduce the number of experi-
ments needed.[*]

3.2. CAM Particle Level

For the storage of lithium in the CAM, both electrons and ions
need to be transported within a single particle, assuming that
it is electronically and ionically well contacted, for example,
by other CAM particles, conductive carbon (if added), and SE.
It is essential to understand that the slowest process, either
electronic or ionic transport, limits how much of the CAM is
electrochemically addressed at a certain C-rate (in units of h™Y).
Thus, the particle size L should be designed depending on
the chemical diffusion coefficient D;; of lithium as a neutral
component (note that D,; =D, if the CAM is a predomi-
nantly electronic conductor) for a targeted C-rate, according to
Equation (1), in order to achieve at least 83% of the theoretical
specific capacity of a spherical CAM particle.[!

U

Figure 4 provides an illustration of the particle size calcu-
lated from Equation (1) for the D, in NCM and D, in LFP
exemplarily. For conversion- and spinel-type materials, it is dif-
ficult to obtain Dj;, because most of these materials undergo
several phase transitions, and two phases are present over a
large range of SOC. We would like to note though that D,
in spinel-type materials should be higher than that of layered
NCM CAMs." Evidently, even for materials with high Dy,
such as NCM, the particle size should not exceed more than a
few micrometers if high C-rates are to be achieved.

In this regard, small CAM particles are beneficial to achieve
high capacities at a high C-rate. However, an optimum particle
size exists, as too small particles compromise ionic partial con-

ductivity and ionic percolation on the cathode level.?%372 This
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Figure 4. Maximum particle size according to Equation (1) for a C-rate of
0.1, 1, and 5 C depending on the range of the respective diffusion coef-
ficient (colored areas). For NCM CAMs, the diffusion coefficient for ions
was considered,/! while for LFP and conversion-type materials, the diffu-
sion coefficient for electrons was considered,”! because they are mostly
poor electronic conductors.

is especially critical if also degradation at the CAM|SE interface
is taken into account, which is more detrimental in the case of
small particles due to the larger contact area.’”*

As mentioned above, the initial particle size of a cer-
tain CAM does, in most cases, change during cycling. The
changes in lithium concentration within the CAM upon
charging and discharging lead to volume changes of the
primary particles that predominantly expand (e.g., LiCoO,
[LCO]J) or shrink (e.g., Li;S or NCM) with delithiation. The
volume changes are typically in the range of a few percent for
intercalation-type CAMs, whereas for conversion-type CAMs,
the volume changes are much larger, depending on the cell
chemistry involved. Based on the electrochemical reaction
formula during discharging, a theoretical volume expansion
of 78% and 65% can be calculated for the conversion-type
CAMs sulfur and iron disulfide, respectively. Although the
relative volume change is independent of the particle size,
it has to be taken into account that smaller particles show
smaller absolute changes in L. Figure 5a shows the absolute
change of the particle radius r (with r = L/2) as a function
of the initial particle radius r, for several CAMs. For smaller
particle sizes, smaller changes occur, which may be accom-
modated more easily by SE deformation. Yet, it is unclear
to which extent SEs are capable of compensating the CAM
volume change.

Importantly, the volume changes are correlated to the lithium
concentration within the CAM, so that lithium concentration
gradients, typically generated at high C-rates, as well as the ani-
sotropy of the volume changes, lead to mechanical stress. This
can result in the formation of cracks either between different
grains in PC CAMs or within individual single-crystalline CAM
domains. Such cracks within the CAM increase the electronic
tortuosity throughout the composite cathode, since they effec-
tively block electronic charge transport and increase the length
of the electronic pathway. The increase in electronic tortuosity
is even more pronounced if CAM particles close to the current
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Figure 5. a) Calculated maximum radius change of spherical CAM particles as a function of the initial particle radius ro.'*737> The absolute maximum
volume change is much smaller for smaller particle radii, and the differences between different types of CAMs become less pronounced. b) Deconvolu-
tion of the total volume change of NCM811 into ¢- and a-axis changes./®l The c-axis first expands up to a potential of 4 V and subsequently contracts.
The differences in the ¢- and a-axis change lead to internal stress and may cause anisotropic volume changes of SC CAMs. For conversion-type CAMs,
more elaborate calculations would require knowledge of the phase nucleation geometry and are beyond the scope of this work.

collector crack, as this is accompanied by contact loss between
CAM and current collector.

To mitigate interparticle cracking, the development of single-
crystal (SC) CAMs appears to be a promising approach.”’]
Nevertheless, SC CAMs still show an overall volume change
during (de-)lithiation and will not change volume isotropically,
due to different crystallographic orientations of the facets and
the anisotropic changes in the a- and c-axis. Please note that
the c-axis initially expands during delithiation due to increased
Coulombic repulsion of the oxygen layers. At a certain Li-con-
centration (corresponding to around 4 V vs Li*/Li) these layers
collapse, and the c-axis exhibits substantial contraction (see
Figure 5b). The contact loss along certain facets could be much
more severe, than expected from the total volume change.
Hence SC CAMs may not necessarily be an ideal solution to
the chemo-mechanical problems in SSBs, unless the particle
shapes can be tailored in a controlled way.”®! However, this
point is quite unclear so far and needs further evaluation.

Thus, multiple other strategies have been developed, each
with its own advantages and disadvantages. First, the use of
zero- or low-strain materials eliminates the volume changes
during battery operation directly. For instance, NCM CAMs
showing virtually zero volume changes during charge/discharge
have been developed via rational tailoring of the transition
metal composition. This results in almost no pressure evolu-
tion on a cell level during cycling.”! However, one again has
to consider that such materials do undergo anisotropic volume
changes along different crystallographic directions as men-
tioned above, yet these result in zero net changes upon (de-)
lithiation. Thus, on the microscale, (chemo-)mechanical separa-
tion between SE and CAM may still occur.’®! Alternatively, the
overall balancing of volume changes on the cell level has also
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been achieved by blending CAMs that shrink with CAMs that
expand during delithiation (e.g., LiNijgCoy;Mn,,0, [NCM81]]
and LCO)™ or by combining expanding anodes with shrinking
cathodes and vice versa.®l However, in both aforementioned
cases, the development of quasi zero-strain cathodes comes at
the expense of decreased Ni content and thus, specific capacity.

Recently, it has been demonstrated that pressure changes
and secondary particle fracture in SSBs can be mitigated via
the application of “full-concentration gradient” NCM CAMs,
which possess radially oriented rod-shaped primary crystallites,
unlike conventional NCMs.BU Apart from addressing pressure
evolution through designing the CAM itself, this issue may be
counterbalanced by the introduction of certain amounts of suit-
able polymer binders and/or additional polymer SEs into the
cathode to buffer pressure changes during cycling and main-
tain mechanical integrity.

3.3. Interface Level

Although already several CAM design strategies to minimize
detrimental (chemo-)mechanical effects in SSBs have been
developed, the interface formation, that is, SE degradation
remains problematic. To prevent side reactions that form high-
impedance interphases, a common approach is the application
of a protective surface layer to the CAM particles, usually with
a thickness in the nanometer range. In principle, the primary
requirement for such coatings is to act as an electron-blocking
but ion-conducting layer while having high oxidative stability.
To this end, various lithium transition metal oxides (e.g.,
LiNbO;, LiTaO;, and Li,ZrOs) have been studied in the past,
and SE degradation could be strongly suppressed, ultimately
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leading to increased performance and long-term cycling sta-
bility.6482-84 Although usually specific coating compositions
are aimed for, it has been recently shown that especially for
Ni-rich NCM CAMs this may differ in reality. For instance,
surface residuals, such as Li,CO; and LiOH, are known to be
present on NCM CAMs, which are eventually incorporated
into the coating and may play an important role in stabilizing
the as-formed interface.® Moreover, one has to consider that
the volume changes of CAMs upon charging and discharging
not only create mechanical stress in the CAM (and on the cell
level), but also exert similar stress to the interface between
CAM and coating. Thus, the contact between coating and CAM
may be deteriorated with continuous (de-)lithiation so that the
protective function decreases or even vanishes. Additionally,
interfacial reactions can also cause significant volume changes
due to the different specific volumes of educts and products.
If the volume changes resulting from such interfacial reactions
are sufficiently pronounced, they can even lead to contact loss
between CAM and SE.B® As a result, specific coating chemis-
tries and tailored synthetic procedures need to be developed
for different CAM types. A detailed discussion about the func-
tionality of CAM coating properties can be found elsewhere.?’!
Please note, that recently the potential of halide SEs and poly-
mers as protective surface coatings has been evaluated.?>#’]

To conclude, different factors have to be considered when
designing the CAM and CAM PSD, which are summarized
in Figure 6. Charge transport percolation, diffusion path-
ways inside the CAM, and active interface area are critical
parameters which are influenced by the particle size distribu-
tions of CAM and SE. To increase the cathode performance,
these parameters need to be adjusted complementary. While
smaller particles offer the advantage of percolation and shorter
diffusion pathways, their high specific surface area can create
additional challenges. Therefore, tailored PSDs of CAM and
SE are necessary, and these PSDs may be different for every
system/combination.

4. Design of Individual CAM Types

In the following, we highlight current research trends for the
application of different types of CAMs in SSBs. In particular,
we compare layered lithium transition metal oxides (LIMO,),
polyanionic LFP, spinel-type LiM,0,4/LiNiysMn;s0, (LMO/
LNMO), and conversion-type materials (M,X,) and consider the
different reaction mechanisms. Moreover, we discuss advan-
tages and limitations of design methodologies for each type
of CAM regarding their application in SSBs and propose addi-
tional solutions, which go beyond the state-of-the art.

4.1. Intercalation-Type (Layered) CAMs

In intercalation-type materials, lithium is stored in between
layers typically consisting of transition metal and oxygen ions,
similar to cars being parked in a multi-level parking garage.
During the intercalation process, lithium ions enter the mate-
rial from SE contacts and the added positive charge is imme-
diately compensated by transfer of an electron from electronic
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contacts, effectively leading to the incorporation of a neutral
lithium atom. After transfer, lithium diffuses inside the CAM
toward the center of the material due to its concentration
gradient. During deintercalation, the process takes place in
reversed direction. We like to note that this process needs to
be described as “chemical diffusion” of lithium, that is, the dif-
fusion coefficient Dy; includes kinetic (diffusion coefficients of
ions and electrons) and thermodynamic contributions (ther-
modynamic factor). It is a nonlinear function of the lithium
concentration. 888

Intercalation-type layered lithium transition metal oxide
CAMs with the general formula LiMO, find widespread appli-
cation in LE-based LIBs and are widely investigated to be
employed in SSBs. Usually, mixed transition metals are intro-
duced referring to NCM or NCA materials (e.g., NCM811 or
LiNij §Coq 15Al9 0s0,). The strong interest in this class of mate-
rials is mainly driven by their superior volumetric energy den-
sity over other CAMs. However, they display two main issues
when it comes to their application in SSBs. First of all, they
operate at potentials high enough to cause the electrochemical
oxidation of many highly conductive (mostly thiophosphate)
SEs, leading to the progressive growth of a resistive CEL[>9)
Second, they show relatively large volume changes upon (de-)
lithiation, causing mechanical degradation of the secondary
particles and leading to severe contact loss between CAM and
SE.148691  Additionally, NCM materials exhibit anisotropic
expansion and contraction along the crystallographic ¢ and a
directions and these unit cell distortions are creating significant
internal stresses. Thus, design strategies for this class of mate-
rials need to minimize 1) the interfacial reactivity in contact
with the SE and 2) mitigate detrimental (chemo-)mechanical
effects.

In the first case, protective coatings mostly based on lithium-
containing oxides with Nb, Ta, Ti, Zr, Al, or B are employed
to alleviate (electro-)chemical oxidation of the SE via preventing
direct contact between CAM and SE.25048392-971 Protective
surface coatings are especially relevant when using SEs with
a narrow stability window, such as lithium thiophosphates. It
should be noted that thiophosphate-based SEs generally tend
to react with oxides (including the coating itself), due to the
formation of energetically favorable phosphite/phosphate and
sulfite/sulfate compounds, and chemical reactions are not com-
pletely avoided by protective CAM coatings.”®! However, coat-
ings with sufficiently low electronic conductivity can shield the
low chemical potential of lithium in the CAM, which attenuates
the oxidation of the SE and has been shown to be beneficial
to the cathode stability. While usually simple stoichiometric
compounds have been targeted for the coating, it has recently
been shown that the chemical composition obtained after the
coating process may actually deviate from the targeted compo-
sition. Specifically, Ni-rich layered oxides show a natural pres-
ence of surface impurities, such as Li,CO; and LiOH. Although
contradictory results have demonstrated that Li residuals alone
are already capable of somewhat stabilizing the SE/CAM inter-
face B498-192] they can be incorporated into the coating during
preparation and may be advantageous when included in a con-
trolled manner.828+859810 This might also be the reason why
nominally binary oxide-based coatings show beneficial proper-
ties if applied to NCM-type materials for SSB applications, as
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Figure 6. Influence of CAM and SE particle size on the different aspects of requirements for SSB cathodes. CAM particle size determines the properties
on all three levels of composite cathodes and is an important design parameter for optimum cyclability in terms of kinetics and stability.

such oxides do not show significant lithium-ion conductivity.!%%!

Moreover, post processing of, for example, NCA can lead to sig-
nificant improvement in performance, further emphasizing
the role of surface residuals in Ni-rich layered oxide CAMs.[104
Apart from the development of customized coating composi-
tions, the micro- and/or nano-structure of the coating itself may
also play an important role.' This has been evidenced, among
others, through the preparation of a high-quality coating on a
Ni-rich NCM consisting of a carbonaceous (Li,COj3) layer and a
Zr0O, nanocrystal mono or bilayer. This kind of coating helped
to improve considerably the cycling performance of thiophos-
phate-based SSBs.[1%¢]

However, note that electronic percolation throughout the
composite cathode still needs to be maintained by either
plastic deformation of the coating during electrode calendaring
or incomplete coverage of the coating with the combination of
small CAM particles and (surface tailored) conductive carbon
additives.I’¥! Besides the tailoring of the coating composition,
the deposition technique itself will have a profound effect on
the resulting CAM performance. Simple sol-gel approaches
involving alkoxides are widely used in literature. However, the
coating quality in terms of conformity and surface coverage
is rather poor. Here, atomic layer deposition (ALD) may be
an alternative route to produce coatings of uniform thickness
and composition at the expense of costly equipment and pro-
cessing. Combining the advantages of both sol-gel and ALD
techniques, it has been demonstrated that by using highly
reactive precursors in a liquid-phase process, ALD-like sur-
face coatings can be achieved in the case of Al,05.1771%] Thus,
we believe that properly adjusting precursor reactivities and
taking into account the composition, reactivity, and function-
alization of the CAM surface may lead to the development of
simple, cost-effective approaches toward high-quality protective
coatings.
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On top of the (electro-)chemical instability at the SE/CAM
interface, several irreversible changes take place in the CAM
itself during (de-)lithiation. These involve detrimental phase
transformations primarily at high SOC (e.g., from active layered
into inactive rock-salt type structure) and (chemo-)mechanical
degradation, such as contact loss and cracking of secondary par-
ticles. The aforementioned structural transformation is accom-
panied by the release of molecular oxygen, which can further
react with the SE.B>1091101 Sych side reactions can additionally
contribute to the buildup of a resistive SE/CAM interface and
cause an increase in overpotential, which progressively lowers
the cell performance. Traditionally, coating of CAM is pursued
for mitigating both LE decomposition and rock-salt formation.
However, in recent years, the focus has shifted toward bulk and
surface doping, thereby preventing deleterious phase trans-
formations via crystal lattice stabilization.!"12l This can be
achieved by substituting the redox-active transition metals with
other redox-inactive elements, with NCA being the most promi-
nent example.'3 As the substituent cannot be oxidized, some
of the lithium in the structure cannot be extracted, thus pre-
venting the formation of the rock-salt phase and lattice oxygen
release. 113114

Apart from phase transformations, the (chemo-)mechanics
of layered oxide-based CAMs during (de-)lithiation may
cause detrimental effects. Pronounced volume changes occur
when lithium is removed from the layered structure (e.g.,
AVppay/V = =5% for NCM-811 at 4.3 V vs Li*/Li).”® This can
lead to contact loss between CAM and SE or cracking of sec-
ondary CAM particles, which ultimately results in longer trans-
port pathways and lower capacities (see Equation (1)).B%%U In
the case of LE-based LIBs, secondary particle fracture is not
as harmful as for SSBs, because the LE can penetrate into the
newly formed voids. Cracking even shortens the lithium-dif-
fusion pathways and allows utilizing the full capacity of large
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Figure 7. Strategies to overcome chemo-mechanical challenges in CAMs for SSBs: a) Influence of the choice of solid electrolyte (LYC = Li;YClg,
LPSX = LigPSsCl) on the performance of NCM with PC (P) or SC (S) particles. Reproduced with permission.®¥ Copyright 2021, John Wiley and Sons.
b) Influence of particle cracking on the cycling stability of SC and PC NCMs. Reproduced under terms of the CC-BY license.’! Copyright 2021, The
authors, published by IOP Publishing. c) Mitigating CAM particle cracking by the use of tailored “full concentration gradient” (FCG) CAM particles
with rod-shaped crystallites. Reproduced with permission. Copyright 2019, John Wiley and Sons.

(micrometer-sized) secondary CAM particles, which deliver
lower specific capacities in SSBs./13]

Addressing the issue of (chemo-)mechanical degrada-
tion, several strategies have been developed. One recently
pursued approach is the development of SC NCM materials
(Figure 7a,b).B%%U Here, the major goal is the application of
CAMs with monolithic grains. It is worth noting, that most
of the investigated SC NCM materials do not exhibit a pure
single crystalline morphology, but rather consist of agglomer-
ates of micrometer-sized monolithic grains, as synthesizing
fully separated single crystals is very challenging.'%1>116 n
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theory, such SC NCM CAMs should prevent particle cracking
but still be susceptible to loss of contact with the SE as a result
of the unit-cell volume changes during (de-)lithiation. Indeed,
several reports have shown the favorable mechanical behavior
of SC CAMs in SSBs, leading to much improved morphological
integrity and better capacity retention. Ni fractions of up to 88%
with high capacity retention (96.8 % after 200 cycles)®®l as well
as high specific capacities (210 mAh g™)""! have been realized
in SSBs employing SC CAM so far. With a further increase in
Ni content and additional facet engineering, even higher per-
formance can be expected.[1&11]

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

The increased performance of SC CAMs is sometimes also
explained by the smaller particle size compared with conven-
tional PC secondary particles.’® However, using PC CAMs
with equally small secondary particles, which then have an even
higher specific surface area, similar specific discharge capaci-
ties, and performance were found for NCM811, when setting
the upper cutoff voltage to 4.15 V versus Li*/Li. Only when it
was increased to 4.35 V, thereby inducing secondary particle
fracture, SC CAM outperformed the PC counterpart.?% At the
same time, depending on the mixing procedure and choice of
SE, the use of small particles may lead to non-uniform spatial
distribution of CAM in the cathode, resulting in SC particles
touching and inducing strain on each other, thereby negating
any initial benefits.® However, the particle size of SC mate-
rials can be controlled to some extent during the synthesis (and
independently from the precursor particle size), thus optimiza-
tion of both CAM size and CAM/SE particle-size ratio, as dis-
cussed before, can be achieved.!?!]

The design of a cathode composite should also consider the
excess lithium inventory required to compensate for side reac-
tions at the anode. In LIBs, the capacity lost in the first cycle,
linked to the kinetic limitations of the CAM at the end of dis-
charge, is effectively used for the formation of the SEI. How-
ever, whether or not lithium excess is needed in SSBs depends
greatly on the anode design. When such a compromise is not
necessary, the particle size of the CAM can be tailored for high
Coulomb efficiency in the first cycle. As previously discussed,
by reducing the particle size of the layered oxide CAM, both
a higher active surface area and shortened lithium diffu-
sion length can be achieved, thereby improving the discharge
capacity. Nevertheless, surface doping efforts toward structural
stabilization have proven to be successful only for PC materials,
with scarce literature about similar improvements for SC ones.
Here, the required high-temperature processing might pose
some challenges, with dopant diffusion inside the particle prac-
tically preventing selective surface modification.

Apart from the development of SC NCM CAMs, other crack
mitigation strategies, such as the aforementioned gradient par-
ticles with rod-shaped primary particles (Figure 7c), have also
been pursued.® Here, the primary crystallites are preferably
grown along distinct crystallographic directions to counter-
balance the anisotropic volume changes during (de-)lithiation
and avoid cracking of the NCM secondary particles. Although
contact loss between CAM and SE still occurs to some extent
for this example, the overall cell pressure evolution and loss of
active material are strongly reduced, thus improving the cell
performance.

4.2. Insertion-Type CAMs

For insertion-type CAMs, lithium is stored on free lattice sites
located within a rigid (3D) crystal framework, offering Li-ion
conduction via vacancies and interstitial sites. Usually, the
insertion/extraction of lithium causes minimal shrinkage or
expansion of the host structure, hence a high structural stability
of such CAMs during operation can be anticipated. In principle,
two kinds of insertion-type CAMs have been investigated in
SSBs so far, namely LFP (olivine structure) and LMO or LNMO
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(spinel structure). Due to their respective operating voltage of
3.5 and 4.5 V versus Li*/Li, a much more severe SE decomposi-
tion occurs for LNMO, the higher voltage CAM. Although the
redox potential of LFP seems suitable to be employed with most
SEs without severe interfacial degradation, the main drawback
lies in its intrinsic low electronic conductivity (in the range of
102 S cm™ at r.t.). Thus, LFP is usually carbon coated or mixed
with a large fraction of conductive additives to ensure sufficient
electronic percolation, which creates issues in SSBs. Adding
carbon has been shown to deteriorate cycling performance,
especially in the case of thiophosphate-based SSBs.[%122-124]
This issue might be the reason why reports about LFP in
inorganic SSBs are scarce, and LFP is usually combined with
polymer-based SEs. Nevertheless, it has been claimed that the
electronic conductivity of LFP can be significantly increased via
doping on the Fe site (up to 10 S cm™ at r.t.).1%%] Yet, the per-
formance of such doped CAMs in SSBs remains elusive. We
believe that the intrinsically low partial electronic conductivity
of polyanionic electrode materials may present the biggest
hurdle toward their implementation in SSBs. Moreover, the
application of LFP (or derivatives) in SSBs would most likely
be cost-driven, as especially the gravimetric energy density is
rather low compared to state-of-the-art NCM CAMs.

However, higher energy densities could possibly be achieved
through the implementation of high-voltage spinel lithium
manganese oxide-based CAMs (e.g., LMO or LNMO), which
offer a redox potential of up to 4.7 V versus Li*/Li. Neverthe-
less, according to published research data, it seems challenging
to realize this potential advantage. Using LNMO together with,
for example, lithium thiophosphates causes severe SE degrada-
tion and poor capacity retention.?6-1291 To prevent such detri-
mental side reactions, conventional protective surface coatings
have been applied to LNMO but without significant perfor-
mance improvement. Normally, a specific discharge capacity of
~80 mAh g! specific discharge capacity is achieved in litera-
ture for surface-protected LMO/LNMO CAMs in SSBs, which
is relatively low compared to the theoretical specific capacity
(147 mAh g for LNMO). A recent study comparing different
lithium transition metal oxide surface coatings on LNMO has
shown that depending on the coating chemistry, an improve-
ment over the pristine CAM can be achieved.*% Additionally,
the use of halide SEs, which offer a high oxidation stability may
be another suitable alternative to enable high voltage CAMs
such as LMO/LNMO in SSBs.

Achieving SSB performance close to the theoretical capacity
of LMO-type CAMs needs further engineering on several
parameters, which are generally important in the case of SSBs,
such as the particle size, intragranular porosity, or the applica-
tion of a protective surface layer.

4.3. Conversion-Type and In Situ Formed CAMs

Conversion-type CAMs undergo distinct phase changes during
(de-)lithiation, that is, phases with very different physicochem-
ical properties occur during cycling. This is different from
intercalation- and insertion-type materials, which maintain
their structure, that is, their overall properties remain similar
during cycling. The key advantage of conversion-type CAMs
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(which, except for elemental sulfur, can be described as by
M,X,, M: transition metal, X: anion) is their higher specific
capacity while on the downside they show much larger volume
changes. Typical values are several hundred mAh g™ and sev-
eral tens to a few hundred vol%, respectively. Additionally, the
redox potential increases with the ionicity of the bond, that is,
transition metal fluorides have the highest redox potentials.
Among the transition metals, copper compounds show the
highest redox potential. The “upper limit” is therefore found for
CuF,, which theoretically has a redox potential of 3.53 V versus
Li*/Li, that is, slightly below NCM CAMs. However, because
the conversion reaction involves the formation of intermediate
and amorphous phases, it is only partially reversible and typi-
cally (but not always, see below) leads to a nanoscopic struc-
ture comprising transition metal nanoparticles dispersed in
an amorphous Li X matrix. Structural characterization of this
nanoscopic/amorphous structure and theoretical description
are more challenging than for other CAMs. Even for seemingly
simple compounds, like FeF;, FeS,, CuS, Mn;0,, or MoS,, the
reaction mechanisms are still under debate.3"13¢] Moreover,
electrolyte decomposition takes place, leading to thick surface
films and initial Coulomb efficiencies typically below 75%.
Overall, the appearance of intermediates and the formation
of nanoscopic/amorphous structures along with electrolyte
decomposition lead to more sloping voltage profiles and often
large voltage hysteresis (low energy efficiency).3’-140

A challenge for using conversion-type CAMs in SSBs is
often their poor electronic or ionic conductivity. Thus, con-
ductive percolating networks cannot be created by the CAM
alone, and additionally, the transport within the CAM particles
limits the charge-transport kinetics. Hence, CAM nanosizing
and addition of large amounts of conductive additive(s) are
typically required, both of which is detrimental to the electrode
capacity if SEs with a narrow electrochemical stability window
are used.[!l Nevertheless, the use of SEs may overcome specific
limitations of particular conversion reactions, such as the elec-
trolyte instability or polysulfide solubility in the case of Li,S or
Sg as CAMs. The confinement of the active material in a SE
may also help to mitigate undesired particle growth during
cycling. However, at the same time, the mechanical properties
(hardness, volume expansion, etc.) become more important
when designing conversion-type CAMs for SSB applications.

Several conversion-type CAMs have been explored for SSBs
in the last years among FeS,, CuS, and Sg. FeS, (pyrite) has a
theoretical specific capacity and cell voltage of 894 mAh g and
1.84 V, respectively. Similar to LE-based LIBs, the CAM per-
formance in the experiment deviates from this ideal case.*!
Clear steps in the voltage profile are only observed at elevated
temperatures or at very small currents, for example, using
polymer electrolytes (120 °C)2 or inorganic glass electrolytes
(20-60 °C).[00143] While there has been dispute over the active
phases during cycling, Yersak et al. demonstrated that the appli-
cation of SEs leads to significant improvements in cycle life
compared to LEs.'] The same authors also confirmed the for-
mation of FeS, upon charging (along with non-stoichiometric
FeS, and sulfur), that is, a multiphase mixture is formed. At
r.t., cell cycling still shows an issue due to high polarization
although nanosizing of the active material can be a strategy
to mitigate this.'"*l The need for particularly careful electrode
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optimization, for example, regarding particle size in the case of
FeS,, is also obvious from its comparably high Mohs hardness
(6.0-6.5) and large electrode expansion during initial lithiation
(163%).

CuS (Covellite) is a naturally occurring mineral. Special
aspects of using CuS as electrode material are the complex
Cu-S phase diagram, which shows several non-stoichiometric
compounds, such as Cu,_,S. Compared to FeS,, the energy
density of CusS is lower, but it is much softer, shows a slightly
higher cell voltage, and a smaller volume expansion. A key
advantage is that copper sulfides are electronically conduc-
tive (e.g., 870 S cm™ at r.t. for CuS)** and also show a high
conductivity for Cu ions,*] which can help to minimize the
amounts of SE and conductive additives required in the SSB
cathode. Among the compounds tested in conversion reactions,
CuS is quite unique in that the material undergoes a displace-
ment reaction, in contrast to the nanostructure formation seen
for other conversion electrodes. This means that macroscopic
copper forms during lithiation of CuS. This has been described
in LE-based LIBs by Debart et al.'3% but recently also found
to occur in SSBs.M0 In SSBs with LPS as SE, Aggunda et al.
found a network of um-sized Cu crystals after discharge, which
were even visible by eye.l*l No conductive additive was used in
this study.

Both metal sulfides discussed here show a mixed cationic
(Fe/Cu) and anionic (S) redox chemistry. This is naturally dif-
ferent for pure sulfur, which is another promising conversion
electrode for SSBs and has drawn great attention in the last
years.”150 The main reason is the low cost of sulfur and its
high theoretical specific capacity of 1672 mAh g, providing a
high specific energy (the advantage is less considerable with
respect to volumetric energy density). The use of SEs prevents
the well-known dissolution of soluble polysulfide intermediates
that cause a shuttle mechanism and electrode degradation in
cells with LEs. The lack of dissolution/precipitation processes
during cell cycling also leads to a simpler, in this case very flat
voltage profile of SSBs, compared to their analogues with LEs.
In fact, experiments indeed show a flat voltage profile in agree-
ment with the phase diagram (Li,S being the only stable binary
lithium-sulfur compound). The main challenge of using sulfur
in SSBs is, next to the volume expansion of around 80%, that
both the charge (sulfur) and discharge (Li,S) products are elec-
tronic insulators. This requires nanosizing and the addition of
large amounts of conductive additives compared to other con-
version materials.

Another approach is to combine sulfur and transition metal
sulfides in a single electrode, that is, using CuS+Sg or FeS,+Sg
composites as electrodes. This approach has been realized in
2003 already by Hayashi et al., but is nowadays more fre-
quently applied.'>>4 Overall, the large number of conversion
reactions and possible combinations in composite electrodes
provide a versatile playground for developing conversion-type
electrodes for SSBs. The three cases discussed here (FeS,, CuS,
and Sg) are especially appealing, as they show unique proper-
ties. Few grave challenges, however, apply to most of the con-
version reactions. First, their large capacities are intrinsically
coupled to large volume changes that need to be considered in
the electrode and overall cell design. The mechanical properties
of the CAM, SE, and composite probably need to be tailored
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accordingly. Second, in many cases, nanostructures form
during cycling, which show a high surface area that can trigger
severe side reactions with the SE, thus causing fast capacity
decay. Third, in most studies on conversion electrodes, cells are
assembled in the charged state. This means that lithium (or a
lithiated compound) is needed as a counter electrode, which is
a clear drawback for commercialization. It is therefore impor-
tant to draw more attention on lithiated conversion-type CAMs,
however, identifying and synthesizing such compounds is not
trivial.

It is worth noting, that several other CAMs are being
explored in SSBs. In a recent approach, a lithium argyrodite
SE has been used in a simple SE/C composite as a precursor
for the in situ formation of redox active sulfur and phosphorus
phases, thus achieving another type of two-element redox
activity.'>! Additionally, organic CAMs, in which multi-electron
transfer reactions occur during (dis-)charging, have been used
recently in SSBs.[1°0-158]

5. Guidelines in Short

So far, we have identified and reviewed several aspects that play
a role in composite cathodes for SSBs, and have shown how
these affect different types of CAMs. In the following, we sum-
marize the essential aspects that need to be considered when
designing CAMs on different length scales for SSBs.

5.1. Cathode Level

Effective electronic and ionic percolation as well as full active
material utilization are of prime importance—often expressed
by partial effective conductivities. CAM/SE PSDs and particle
shapes should allow ideally close packing. For optimal charge
transport, it is crucial to reduce porosity to a bare minimum
and to increase the effective ionic conductivity of crystalline SEs
through grain boundary design. Gradient cathodes may require
different CAMs and/or CAM particle sizes at the current col-
lector and separator side. In an ideal case, CAM and SE particle
size and distribution are designed simultaneously.

5.2. Particle Level

Particle cracking and internal porosity in the CAM have to be
avoided. Particle sizes and shapes have to be adjusted to the
electronic and ionic transport properties, which ultimately
determine the optimum size. Gradient particles may show ben-
efits with respect to avoiding (chemo-)mechanical degradation.
Doping grain boundaries may be an effective strategy to achieve
more stability and/or adjust kinetics.

5.3. Interface Level
A stable CAM/SE interface has to be achieved, either by coating,

by the formation of a native passivating CEI, or both. Coatings
should be primarily lithium-ion conducting but allow sufficient
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electronic percolation within the electronic conduction path-
ways through the cathode generated by the CAM particles and,
if required, conductive additives. Contact of SE and CAM even
during volume changes has to be maintained, that is, the pro-
tective surface layer needs to show some flexibility. Also, inter-
actions of the CAM surface with binder and/or solvents during
processing have to be considered.

5.4. Modeling

Usually, modeling studies do not offer suggestions for improve-
ments on the CAM level. Instead, they rather focus on opti-
mizing the SE (i.e., achieving high ionic conductivity). In our
opinion, this lowers the degree of freedom, and we encourage
to rethink the CAM with other particle shapes, sizes, elastic
properties etc., and to widen the range of materials to SC or
conversion-type CAMs. In addition, sophisticated mechanical
models that can be coupled to electrochemical and thermal
models on the microstructure level are required to gain more
insight into pressure and temperature effects.

6. Conclusions

In summary, we have outlined the specific challenges and
resulting requirements for the application of inorganic
CAMs in SSBs. In particular, we focused on compiling recent
strategies to tailor specific CAMs with respect to certain
requirements related to (chemo-)mechanics and interfacial
degradation occurring upon cycling. However, we finally like
to emphasize that the design of CAMs for SSB applications
cannot be conducted without taking the nature of the utilized
SE into account. More precisely, different types of CAMs may
require different types of SEs with certain matching properties
(i-e., hard CAM together with soft SE and vice versa). Thus, we
believe that in the case of SSBs, novel approaches are needed
to improve the performance of the respective composite cath-
odes, which may include large-scale machine-aided screening
approaches to identify best possible material combinations.
This becomes even more important as cathodes for SSBs not
only need to be optimized from a materials perspective (i.e.,
intrinsic material properties and surface chemistry) but their
integration into a composite cathode may lead to new effects on
a cell level. Modeling approaches should also tackle (chemo-)
mechanical and fabrication processes for SSB cathodes in
order to mitigate stress and limit pore space as much as pos-
sible. Finally, we provide scientists in the field with a com-
prehensive CAM development guideline targeting improved
(inorganic) SSBs.
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