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Abstract

Solid-state batteries are widely regarded as a key technology for next-generation energy
storage, promising improved safety and higher energy densities. However, their widespread
adoption remains hindered by fundamental challenges in materials development, interface
stability, and cell processing. This dissertation addresses the often overlooked interplay
between physico—electrochemical understanding and process engineering, with a focus on
composite cathodes and cathode active material coatings.

Unlike conventional lithium-ion batteries, where a liquid electrolyte infiltrates a porous
electrode structure, solid-state batteries require the solid electrolyte to be directly integrated
into the cathode composite during its fabrication. As a result, the mixing of the composite
components becomes critical. Using a representative model system comprising a nickel-rich
active material, a sulfide solid electrolyte, and a carbon additive, this thesis demonstrates
that the quality of the mixing process has a direct impact on the electrochemical performance
and reproducibility. Specifically, a method is validated and evaluated to quantify the static
active material utilization in the composite as a microstructural descriptor, enabling a clear
distinction between static and kinetic capacity losses. This allows for the quantification of
mixing quality during process development and helps to avoid misinterpretation of capacity
data in early-stage research. Based on this, a scalable mechanofusion process is investigated
to create mixed-conducting matrix coatings as cathode microstructures. These coatings
enable microstructural control and enhance electrochemical performance by facilitating both
ionic and electronic transport across interfaces with intimate contact.

In a complementary study, protective coatings on nickel-rich cathode active material particles
using the model coating precursor Li3PS, are investigated. A single annealing parameter
is shown to significantly influence the coating’s composition, morphology, and ultimately
the performance of the entire cell. These findings underscore how variations in processing
conditions have major consequences on interphase properties and interfacial stability. To
address this parameter space, a practical and efficient benchmarking protocol is developed
that combines surface characterization and targeted electrochemical testing, focusing on
impedance analysis. This reliable approach enables a systematic screening and an accelerated
optimization of cathode coating strategies.

The physico-chemical concepts and process strategies developed in this dissertation are
broadly transferable to other material systems. They provide a robust framework for
accelerated development and reliable evaluation of composite cathodes and coatings for
solid-state batteries — on a fundamental level of materials research as well as toward

industrial research.






Zusammenfassung

Festkorperbatterien gelten als Schliisseltechnologie fiir die ndchste Generation der En-
ergiespeicherung, da sie sowohl eine verbesserte Sicherheit als auch hohere Energiedichten
versprechen. Thre breite industrielle Anwendung wird jedoch noch durch grundlegende
Herausforderungen in der Materialentwicklung, der Stabilitdt an Grenzflichen und der Zell-
prozessierung eingeschrankt. Diese Dissertation widmet sich der hdaufig vernachlédssigten
Schnittstelle zwischen physikalisch-elektrochemischem Verstdndnis und prozesstechnischer
Umsetzung mit einem besonderen Fokus auf die Herstellung von Kompositkathoden und
Schutzbeschichtungen fiir Kathodenaktivmaterialien.

Im Gegensatz zu herkémmlichen Lithium-Ionen-Batterien, bei denen ein fliissiger Elek-
trolyt eine porose Elektrodenstruktur infiltriert, muss bei Festkorperbatterien der feste
Elektrolyt bereits wiahrend der Herstellung des Kathodenkomposits in diesen gezielt in-
tegriert werden. Daher ist das Mischen der Kompositbestandteile von entscheidender
Bedeutung. Am Beispiel eines reprasentativen Modellsystems mit Nickel-reichem Aktivma-
terial, sulfidischem Festelektrolyten und Kohlenstoffadditiv wird gezeigt, dass die Qualitit
des Mischprozesses einen direkten Einfluss auf die elektrochemische Performance und
Reproduzierbarkeit hat. Es wird insbesondere eine Methode validiert und evaluiert, mit der
der elektrochemisch inaktive Anteil des Komposits als ein mikrostruktureller Deskriptor
quantifiziert werden kann, was eine klare Unterscheidung zwischen statischen (mikrostruk-
turellen) und kinetischen Kapazitdtsverlusten ermoglicht. Diese Methode erlaubt zum
einen, die Mischqualitdt wahrend der Prozessentwicklung zu bewerten, und zum anderen,
Fehlinterpretationen elektrochemischer Ergebnisse in frithen Forschungsphasen zu ver-
meiden. Aufbauend darauf wird ein skalierbarer Mechanofusionsprozess untersucht, mit
dem leitfadhige Matrixbeschichtungen als Kathodenmikrostrukturen erzeugt werden. Dieser
Beschichtungsansatz ermdglicht eine kontrollierte Mikrostrukturherstellung und verbessert
die elektrochemische Leistungsfahigkeit durch erleichterten Ionen- und Elektronentransport
tiber Grenzflichen mit engem Kontakt.

In einer komplementédren Studie werden Schutzbeschichtungen auf Nickel-reichen Katho-
denaktivmaterialpartikeln anhand des Modellbeschichtungsmaterials Li3PS4 untersucht.
Es wird gezeigt, dass ein einzelner Parameter im Temperprozess die Zusammensetzung,
Morphologie und letztlich die Leistung der gesamten Zelle erheblich beeinflussen kann. Die
Ergebnisse unterstreichen, wie scheinbar geringe Anderungen der Prozessbedingungen erhe-

bliche Auswirkungen auf die Eigenschaften der Beschichtung und die Grenzfliachenstabilitat

vii



haben. Zur Untersuchung dieses Parameterraums wird ein praxisnahes und effizientes
Benchmarking-Protokoll entwickelt, das Oberflachenanalytik und gezielte elektrochemische
Tests mit einem Fokus auf Impedanzspektroskopie kombiniert. Durch diesen zuverldssigen
Ansatz wird eine systematische Bewertung und schnellere Optimierung von Schutzbeschich-
tungen fiir Kathodenaktivmaterialien ermdglicht.

Die in dieser Dissertation entwickelten physikochemischen Konzepte und Prozessstrategien
sind weitgehend auf andere Materialsysteme {ibertragbar. Sie bieten ein robustes Fundament
tiir die beschleunigte Entwicklung und zuverldssige Bewertung von Kompositkathoden und
Beschichtungen fiir Festkorperbatterien — sowohl im Bereich der Grundlagenforschung als

auch im industriellen Kontext.
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Introduction

1.1. Background and Motivation

The electrification of our society and industry began years ago and has continuously gained
momentum as part of the renewable energy transition. Various energy storage solutions are
becoming increasingly important, with rechargeable batteries playing a key role.! Batteries
are developed, constructed, and used to efficiently store and deliver electrical energy in a
controlled, safe, and application-specific manner. All battery systems rely on the conversion
of chemical energy into electrical energy via redox reactions in the electrode materials.>* They
have found their way into a growing number of applications, including portable consumer
electronics, electric vehicles, and grid storage systems. This widespread adoption is mainly
due to the success of lithium-ion batteries (LIBs), which were first commercialized in 1991.%°
Material and process innovations have steadily increased the practically achievable energy
and power density of the cells. At the cell pack level, further performance improvements
can be expected due to advanced process and cell engineering.>® However, from a physico-
chemical perspective, conventional LIB cells will soon reach their energy density limit.’
Implementing a lithium metal anode (LMA) instead of a graphite anode would lead to a
significant increase in energy density.>” Yet, LIBs with an LMA and a liquid electrolyte (LE)
face severe issues such as degradation of the LE and dendrite formation, which also pose
safety risks.1011

Replacing the LE with a solid electrolyte (SE) is expected to enable the LMA along with
higher energy and power density as well as improved safety.”!?"!4 This is the main driving
force behind research on solid-state batteries (SSBs). However, the path from laboratory-scale
proof-of-concept cells with low technology readiness level (TRL)®! to practical, scalable,
and long-term stable devices remains challenging.'® While the stable integration of an LMA
in SSBs is still unresolved '8, the cathode in SSBs is also a critical component since it defines

the maximum energy density of the cell and faces various challenges.!61920
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SSB cathodes are usually realized as composites, which are complex multi-phase sys-
tems involving a cathode active material (CAM), SE, conductive additive, and possibly a
binder.2>-?? The performance of these composites relies on the efficient interplay between the

26-28 and a tailored

different phases, which requires intimate contact® 2, stable interfaces
microstructure?>?>% to ensure efficient ionic and electronic transport and stable long-term
performance. The formation of microstructure and interfaces is defined by particle pro-
cessing, specifically, in the case of composites, the mixing process. While mixing becomes
especially important and challenging toward scale-up, systematic research in this field
is limited.>3! Moreover, particle processing is crucial in the development of protective
CAM coatings, which are necessary to mitigate degradation at the CAM | SE interface.?>3
Although there have been advancements in material and interface understanding, cathode
composites still face problems with respect to electro-chemo-mechanical degradation at
interfaces, reproducibility of results, and scale-up, which hinders full exploitation of material
properties and slows down development.!®34

Research on SSBs often takes place at low TRLs*!?

, focusing on fundamental materials
discovery and mechanistic understanding of interfacial phenomena. Toward the expected
commercialization of SSBs, process engineering is becoming increasingly important, since
it forms the bridge between electrochemistry and the properties of the final product.
However, transforming fundamental insights, theoretical concepts, and intrinsic material
properties into functional cathode architectures and protective CAM coatings remains a
major bottleneck. This doctoral thesis addresses this challenge by aiming to bridge the gap
between laboratory proof-of-principle tests and the scale-up of cathode composite and CAM
coatings development. It was carried out in the context of a collaborative project with the
Institute for Particle Technology (iPAT) from TU Braunschweig, as part of the DFG Priority
Programme 2289 "Hetero-Aggregates". The collaboration provided access to complementary
expertise and approaches, shaping the focus on particle processing. The key question for
this dissertation was how particle processing affects physico-chemical material properties
and how physico-chemical concepts can be efficiently applied to particle process engineering.

This resulted in the following guiding questions:
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¢ Which physico-chemical concepts and descriptors can be used to quantify the mixing

quality of composites resulting from various mixing processes?

* How does the mixing process of cathode composites affect the performance and

reproducibility of SSB cells?
¢ How can cathode composites be rationally designed and mixed in a scalable way?
¢ What impact do processing parameters have on protective CAM coatings?

* How can a benchmarking be designed to efficiently, effectively, and quantitatively

compare different CAM coatings to accelerate their development?

1.2. Outline of the Thesis

Part I of this dissertation provides the scientific and contextual background that is relevant to
this doctoral thesis. For reference, all abbreviations and symbols used throughout this thesis
are summarized in Section 1.3. Chapter 2 introduces the essential components of SSBs, with a
focus on the selection and properties of inorganic SEs as well as anode and cathode materials.
Chapter 3 addresses composite cathodes as the central focus of this thesis, which represent
the structurally and functionally most complex component in many SSB architectures. Key
topics include the cathode microstructure, mechanisms of degradation, and strategies to
mitigate performance deterioration through material and processing innovations. Chapter 4
covers general considerations related to SSB testing and benchmarking. This includes the
role of model systems, challenges for comparative performance analysis, and an outlook
on the translation of laboratory-scale findings to industrially relevant formats. Together,
these chapters serve as the conceptual framework that supports the five original publications
compiled in Part II.

Publication I of this doctoral thesis, titled Quantifying static capacity losses in solid-state
battery composites via coulometric titration comparison, presents an in situ electrochemical
method to quantify the static CAM utilization in the form of a methodology article. The
static CAM utilization describes how many CAM particles are actually electrochemically
active in the composite cathode. By discussing pitfalls and limitations, this work serves as a
practical guide for researchers aiming to separate fundamental material properties from

microstructural, i.e., process engineering shortcomings.
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Publication II, titled Quantifying the Impact of Cathode Composite Mixing Quality on Active
Mass Utilization and Reproducibility of Solid-State Battery Cells, builds on this methodology
and applies it to a representative model system. The study highlights, based on a statistical
analysis of multiple cells, that performance variations can originate from different mixing
processes, even when using identical materials. Furthermore, a quantitative framework is
provided for interpreting specific capacity values and for benchmarking processing quality
by distinguishing between static and kinetic capacity losses.

Publication III, titled Mechanofusion-derived cathode composite microstructures with scalable
mixed conducting matrix coatings for solid state batteries, is embedded in the framework of the
first two publications, but moves from laboratory-scale mixing to a more scalable process,
by investigating a mechanofusion-based fabrication method for cathode composites. Here,
SE coatings on a single-crystalline Ni-rich CAM are created via high-intensity mixing,
enabling the formation of thin protective coatings and thick matrix coatings. The matrix
coating approach was further tailored by adding a carbon additive resulting in mixed
conduction behavior. Process—structure—performance relationships were established using
both simulation and experimental tools, offering pathways for advanced scalable fabrication
of SSB composite cathodes.

Publication 1V, titled Engineering the Artificial Cathode-Electrolyte Interphase Coating for
Solid-State Batteries via Tailored Annealing, focuses on interfacial engineering of SE coatings
on a poly-crystalline Ni-rich CAM. Through tailored oxidative annealing of Li3PS4 (LPS)
based coatings, the morphology and composition of the coating were tuned. A broad
characterization approach within a benchmarking framework linked process parameters to
coating properties, emphasizing that coating quality is not only material-dependent but also
highly process-sensitive.

The results stressed the need for an efficient benchmarking of protective CAM coatings
to cover a broader process parameter space. Publication V, titled Toward efficient development
and reliable benchmarking of novel CAM coatings for solid state batteries, builds upon the previous
findings and proposes an improved benchmarking protocol for protective CAM coatings.
By combining X-ray photoelectron spectroscopy (XPS) as a surface analytical method with a
compact electrochemical testing scheme, a time- and resource-efficient strategy is provided

to assess and compare coatings. This methodology accelerates coating development by
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providing a practical evaluation framework. Moreover, it contributes to a more reliable
interpretation of impedance spectra of cathode composites by discussing pitfalls during
quantitative impedance analysis.

Together, these studies advance the physico-chemical understanding of SSB cathode
composite behavior, aiming to close the gap between material properties, processing
strategies, and realistic cell performance assessment. While focusing on lithium-based
SSBs, many discussed concepts and challenges are applicable to other SSB systems. The
dissertation provides a framework connecting material-specific insights with the broader
challenges of process, performance comparison, and the gap between expected and real-world

performance in SSB research.

1.3. Abbreviations and Symbols

In the hype surrounding the solid-state battery, it should be noted that there is no standard-
ized definition or nomenclature in this field.?>3¢ In literature, terms such as ’quasi-SSB’37'38,
"pseudo-SSB'¥, almost-SSBs'#?, "hybrid-SSB’4142 or “gel-polymer SSBs’#® are often encoun-
tered, which represent different cell concepts. Sen and Richter®® proposed a typology
based on the principal ion conduction mechanism of the electrolyte. Their classification
differentiates between liquid electrolyte batteries (LEB), gel electrolyte batteries (GEB), dry
polymer electrolyte batteries (DPEB), plasticized polymer electrolyte batteries (PPEB), hybrid
electrolyte batteries (HEB), and solid electrolyte batteries (SEB). In this doctoral thesis, the
term SSB is used exclusively for an SEB, i.e., an all-solid-state battery, which consists solely

of solid and inorganic components.

List of Abbreviations

Abbreviation Full Form

2E 2-electrode
3E 3-electrode
CAM Cathode active material

CB Carbon black
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Abbreviation Full Form

CcC Constant-current

cccv Constant-current-constant-voltage

CEI Cathode-electrolyte interphase

CNF Carbon nano fiber

CTC Coulometric titration comparison

DEM Discrete element method

EDX Energy dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
ESW Electrochemical stability window

LCO Lithium cobalt oxide (LiCoQO3)

LE Liquid electrolyte

LEIS Low-energy ion scattering

LFP LiFePOy

LIB Lithium-ion battery (with liquid electrolyte)
LIC LizInCle

LMA Lithium metal anode

LNMO LiNig5Mn; 504

LNO Lithium nickel oxide (LiNiO;)

LPS LizPSy

LPSClI LigPSsCl

NCM Lithium nickel manganese cobalt oxide (LixNinonnl,y, -Oo)
NCM622 LiNip.6C002Mng 20,

NCMS82 LiNip.82C0¢.11Mnp 070,

NCMS85 LiNip.85C00.10Mnp,0502

PSD Particle size distribution

SE Solid electrolyte

SEI Solid electrolyte interphase

SEM Scanning electron microscope

SHE Standard hydrogen electrode

SoC State of charge
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Abbreviation Full Form

SSB
STEM
™

TRL
ToF-SIMS
VGCF
XPS

XRD

Solid-state battery

Scanning transmission electron microscope

Transition metal

Technology readiness level

Time-of-flight secondary ion mass spectrometry

Vapor grown carbon nano fibers

X-ray photoelectron spectroscopy

X-ray diffraction

List of Symbols

Symbol Unit Description

n \Y% Overpotential

Ey V Standard redox potential

Em Wh/kg Specific energy

Emcany  Wh/kg Specific energy of the cathode

Emmix  Wh/kg Specific energy input

UL J/mol Chemical potential of lithium

Pm W/kg Specific power

Pncay W/kg Specific power of the cathode

T - Tortuosity factor

Lest m Effective pathway length

lolectrode M Electrode length

Qa mAh/cm?®  Areal capacity

q mAh/g Specific capacity

qcam mAh/g Specific capacity referred to CAM mass
R; (@) Resistance of i=cell, anode, separator, cathode
Rt @) Charge transfer resistance
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Symbol Unit Description

Ry @) Diffusion resistance
Rohm Q Charge transport resistance
SE J Stress energy

SF st Stress frequency

SI J/kg Stress intensity

SN - Stress number

Ry @) Diffusion resistance
Veell \Y Cell voltage

Veutoft \Y Cutoff voltage

Veq \Y Equilibrium voltage




2 Solid-State Battery Materials

SSBs rely on a complex interplay of electrochemically active materials and solid electrolytes.
Understanding their fundamental properties is essential for developing functional and even-
tually scalable systems. This chapter provides an overview of the key material components,
beginning with a general outline of the SSB architecture. The properties and challenges
associated with various classes of SEs are discussed, followed by a brief look at commonly

used electrode active materials in SSBs.

2.1. General Design of an SSB

SSBs differ from conventional LIBs mainly by replacing the LE with an SE, potentially
enabling the use of an LMA.? Figure 1 illustrates a simplified SSB architecture composed of
anode, cathode, SE separator, and two current collectors. The cathode is usually realized as
a composite consisting of CAM and SE particles, also referred to as catholyte. It may also
contain conductive carbon additives and a polymer binder. Composites are sometimes also
encountered on the anode side; in this case, the SE can be referred to as anolyte.44

The basic operating principle of SSBs is identical to that of LIBs. The terms cathode
and anode refer to the electrodes during the discharge process, during which oxidation
occurs at the negative electrode (anode) and reduction takes place at the positive electrode
(cathode). Li-ions migrate from the anode to the cathode through the electrolyte, driven by
the chemical potential difference Apy; of lithium between the electrodes, while electrons
flow through an external circuit in the same direction. The profile of yp; across the cell is
schematically shown in the bottom part of Figure 1. During charging, the directions are
reversed: Li-ions and electrons move from the cathode back to the anode. Despite this
reversal, the terms anode and cathode are typically retained for the negative and positive

electrodes, respectively—a convention that is also followed throughout this thesis.
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@Solid electrolyte:
Sulfides  Halides
Oxides / Polymers

Anode: y S Cathode:
Li-metal free - 25 ONCM
Li-metal ‘ LNO
Li-alloy LCO
Si LFP
LNMO
Current collector (Cu) = 1= Current collector (Al)

Solid electrolyte

_ Cu-CC
Anode
___!nterphase

Ui

anode

HLi

cathode
HLi

g

Figure 1. Schematic cell design of a lithium SSB (inspired by references [16, 32, 45]). Top:
SSB cell with potentially attractive materials for use as anode, SE, and intercalation
CAM. For clarity, common additives such as binders or carbon are excluded.
Bottom: Chemical potential profile of lithium, py;.

2.2. Finding the Best Inorganic Solid Electrolyte

SEs are the key component of SSBs and represent the fundamental difference compared to
conventional LIBs. Different types of inorganic SEs exist, which can be divided into three
main classes: sulfides?®4647 oxides?®448 and halides***°. This section concisely discusses

five key properties that need to be considered in the search for the best inorganic SE.

The SE needs to be highly conductive Fast ion conduction is a central requirement for
electrolytes. While LEs exhibit a total ionic conductivity of around 10 mS/cm, their effective
Li* conductivity is typically lower, e.g., 5mS/cm with a transference number of 0.5.°°2 In

contrast, SEs are single-ion conductors with a Li* transference number near unity.
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The field experienced a breakthrough in 2011 with the report of a room-temperature
conductivity of 12mS/cm for Li;gGeP,S;,.% Subsequently, other sulfide SEs achieved similar
values, eventually surpassing the Li* conductivity of LEs by a factor of two.749 Recent
advancements with high-entropy compositions, such as Lig 54(Sio.6Ge.4)1.74P1.44511.1B10300.6,
have pushed conductivities to 32 mS/ cm.> 2 For a long time, other SE classes did not exceed
1mS/cm.162849 However, the discovery of lithium-metal-oxy-halide electrolytes, such as
LiNbOCly, in 2023 brought a notable change, reporting conductivities exceeding 12mS/cm
and theoretical predictions up to 100 mS/cm.®’ Despite these advancements, most oxide
and other halide SEs still lack sufficiently high conductivities to be used as catholytes.

While a conductivity of only about 1 mS/cm may be sufficient to be used as a separator,
electrochemical simulations suggest a bulk ionic conductivity of at least 10mS/cm for
catholytes to achieve competitive cell performance, especially at high charging rates.®!

Machine-learning approaches®” %2

are emerging to accelerate the identification of new SEs
meeting this requirement, which need to be followed by practical synthesis and evaluation.
Lastly, it should be noted that the electronic conductivity of SEs is generally by orders of

magnitude lower but never zero.®3%4

In storage scenarios, e.g., when the battery is charged
and not under constant use, this might lead to non-negligible self-discharge. However, the
impact of electronic conductivity in SEs under storage conditions is poorly understood, and

experimental studies quantifying self-discharge effects are currently lacking.

The SE needs to be stable Beyond high ionic conductivity, SEs must exhibit chemical and
electrochemical stability during cell production and operation. Any decomposition of the
SE may lead to highly resistive (inter)phases which are detrimental to the cell kinetics.%>-%
Chemical stability is, on the one hand, important for the processing and handling of
the materials. Air- and moisture-sensitive SEs, such as most sulfide SEs, require the use
of dry rooms or even inert atmospheres to avoid degradation.?#%~73 On the other hand,
chemical stability is relevant when CAM and SE particles come into mere contact. Theoretical
calculations of reaction energies74‘76 show that sulfide, as well as halide SEs, are chemically
incompatible with NCM, which could also be confirmed experimentally.”””8
Electrochemical stability is critical during cell operation and is usually quantified by the

electrochemical stability window (ESW). The ESW describes the potential range in which
the SE is stable against oxidation and reduction. Experimentally, the ESW is probed via
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cyclic voltammetry—a method that was critically discussed by Dewald et al.” It was found
that practical (kinetic) ESWs are larger than theoretically predicted by thermodynamic
calculations. At the same time, they are much smaller than initially reported.53'80 In this
context, Schwietert et al.3152 stressed the importance of considering indirect decomposition
pathways for the accurate prediction of ESWs.

From a stability perspective, sulfide SEs are generally least attractive due to their air
and moisture sensitivity and narrow ESW, which causes detrimental interfacial reactions
(cf. Section 3.3).288! Halide SEs show higher oxidative stability but are prone to reductive
processes and moisture sensitivity.”% In contrast, oxide SEs are chemically robust and

possess the broadest ESW, particularly toward reduction.?®

The SE needs to be safe in and outside the cell SEs are often considered non-flammable,
promising intrinsic safety advantages over flammable LEs for applications like electric
vehicles.!1* However, the safety of SEs depends not only on their inherent properties
but also on their behavior within the full cell, where thermal runaway can still occur as
demonstrated for sulfide-based SSBs.128485 Furthermore, sulfide SEs react with water to
produce toxic H,S, posing an additional safety concern.”>8¢ Due to limited systematic and
quantitative research, comprehensive safety analyses of SSBs, considering both material-

and cell-level aspects, are still needed.!?

The SE needs to possess good processability and mechanical properties The suitability
of SEs for SSBs heavily depends on their processability. Recently, viscoelastic inorganic glass
SEs have shown promising mechanical properties similar to polymer SEs.”® In contrast,
oxides require costly high-temperature sintering for densification®®, which can negatively
impact interfacial properties as exemplary shown by Demuth et al.?® for cathode composites.
Sulfide SEs are considered rather advantageous in this regard because they can be densified

28,72,91

via cold-pressing and processed at room temperature. In the literature, this is usually

attributed to their "softness" or "malleability".”>-%

From a materials science perspective, such descriptions are lacking in quantitative infor-
mation on the mechanical properties. Values for the Young’s modulus, bulk modulus, shear
modulus, and fracture toughness are standard in materials science to compare the mechan-

ical properties of different materials. However, the determination and reporting of these
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quantities is less common for SE materials.”® While standard methods like indentation®”?,

100-104 and DFT calculations!®:1% have been reported, they are not

ultrasound spectroscopy
routinely applied to SE materials.

Oxide SEs are comparable to engineering ceramics, enabling the straightforward transfer
and application of characterization methods. Consequently, their mechanical properties
are well documented in the literature.!%! The situation differs for sulfides, as they are both
air-sensitive and typically not processed into dense, sintered pellets. Thus, the mechanical
properties of novel sulfide SEs are often not experimentally determined, but only theoretically
calculated.!%1% Tt is commonly assumed that they are deformable and sufficiently soft.
Mechanical properties of halide SEs have, as far as the literature suggests, only been
reported in the context of a single theoretical study.'’” Although the quantification of
mechanical properties for new SEs is challenging, such data would be highly beneficial,
especially for more accurate simulations of production or cell operation processes'®, and

understanding chemo-mechanical phenomena!®

. Therefore, establishing standardized
experimental measurement setups, also suitable for chemically sensitive SEs, is desired to

acquire reliable and comparable data on intrinsic mechanical properties.”

The SE needs to be economically viable Toward the commercialization of SSBs, scalable
synthesis methods are required to produce SEs cost-effectively, in large quantities, and
with sufficient purity.!1%-114 Generally, it must be considered that inorganic SEs have higher
charge carrier, i.e., lithium ion, densities compared to LEs and polymer electrolytes, which
can be a cost issue.1¢88 Additionally, halide SEs of the type LisMCls(M= In, Er, Sc)!12 depend
on critical or rare-earth metals, raising concerns about their economic viability as catholytes
for large-scale commercialization. Consequently, research efforts focus on the development
of more cost- and resource-efficient halide SEs.!>!1¢ For sulfide SEs like lithium argyrodites
(LigPSs X with X=Cl, Br, I) not only the SE itself but also the required precursor Li,S needs to

be produced in high purity, at low cost, and on large scale.!7/118

In summary, no single SE type currently fulfills all requirements to be used as both
anolyte/separator and catholyte in an SSB. This necessitates future discovery and devel-

opment of new SEs with improved properties, ideally accelerated by machine-learning
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approaches.?/62

Publication II highlights how to avoid misleading conclusions when ex-
perimentally assessing the electrochemical performance as catholyte at the early stage of

laboratory research, e.g., upon initial synthesis.

2.3. Anode and Cathode Materials

Electrode active materials are responsible for the storage of Li ions, and in principle, the
same active materials as for LIBs can be used in SSBs. While this doctoral thesis focuses on
composite cathodes, not only CAMs but also the role of different anode active materials are

summarized in this section.

Anode Active Materials From an application-oriented perspective, the promised and
necessary boost in energy density of SSBs compared to LIBs is directly coupled to the
successful implementation of an LMA, offering the highest specific capacity (3860 mAh/g)
and lowest potential (Ey = —3.04V vs. SHE).?131¢ Anode- or reservoir-free concepts aim
to further increase energy density by avoiding excess lithium.!®!? However, interface
instability, solid electrolyte interphase (SEI) formation, low critical current densities, and
dendrite penetration still hinder practical LMA application.!”

Closely related to LMAs are Li-alloy anodes.!?2!. Among them, Si-based anodes recently
gained increasing attention due to the very high specific capacity of 3950 mAh/g.!3122
Si-anodes are often composite anodes and while being promising, several issues such as
ionic and electronic transport for high rates as well as chemo-mechanics require further
investigations to be eventually solved.*122

In academic research, the In-Li alloy anode is widely used.®*123124 The two-phase eutectic
In/(InLi), of this system provides a stable potential of Eyy = 0.62V vs. Li* /Li over a wide
stoichiometric range and is considered less prone to dendrite and SEI formation.!?312> The
high cost of indium limits the application of this anode type to research on a laboratory
scale, including all cells investigated in this doctoral thesis.

Generally, reliable cathode investigations require an anode with a well-defined and stable

standard redox potential Eyj, a stable interface against the separator, and kinetics that are

not rate-limiting.%*
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Cathode Active Materials The pursuit for high-energy density batteries requires the
integration of high-energy CAMs in SSBs.!?

In practice, this puts established materials like LiCoO, (LCO), delivering a practical
capacity of only ~140 mAh/g, out of the focus in SSB research during the recent years.80126:12
Also, for the state-of-the-art material in LIBs, LiFePO4 (LFP), research in SSBs with inorganic
SEs is limited, and contradicting literature exists.3%%128129 While Kim et al.%° demonstrate an
extremely well-performing LFP-based SSB depending on the particle size of the sulfide SE,
Cronk et al.1?® showed that detrimental oxidative decomposition reactions prevent the use of
LFP with sulfide SEs in the cathode. In general, LFP is less attractive for high-performance
SSBs because it is a comparatively low-energy density material with an achievable capacity
of ~160mAh/g and a mean operating voltage of only 3.4V vs. Li* /Li.

Alternative CAMs for SSBs include spinel-type LiNipsMn; 504 (LNMO), which offers
high energy density due to its high operating voltage.!30-132
200mAh/g can be achieved if the Mn redox (Mn®** = Mn*") is used in addition to the Ni

redox (Ni®?F=Ni*") in the so-called wide voltage range (2.3 - 4.9 V vs. Li*/Li).!3* This is

Even high capacity of more than

currently prevented in LIBs due to detrimental dissolution of Mn?2t, which makes SSBs an
attractive use case for LNMO, as transition metal dissolution is expected to be less severe.134

Current research on SSBs focuses on high-energy transition metal oxides with the general
formula LiyNi,Co;Mn;_, .0, (NCM) in the cathode.1®135136 Nji-rich compounds, with
LiNiO, (LNO) being the end member of this family!*”138, are attractive to achieve higher
capacities in the range of ~200mAh/g since Ni is the main active redox species .!**140 In
this doctoral thesis, polycrystalline LiNig 85C0¢.10Mng.0502 (NCM85) and single-crystalline
LiNig 82Co0p.10Mng 0702 (NCMS82) were investigated.

These intercalation materials undergo different phase transitions during charge and
discharge, which appear as peaks in the differential capacity plots, as exemplarily shown for
NCMS5 in Figure 2.141142 Their phase transitions are usually denoted as transition from the
H1 (1% hexagonal) phase to M (monoclinic) phase, from the M phase to H2 (2"¢ hexagonal),
and from the H2 phase to H3 (3'¢ hexagonal). The peak heights and positions of the phase
transitions change with applied charging rate (C-rate). Atlow C-rates (Figure 2a), all phase

transitions are usually clearly visible and relatively well separated. With increasing C-rate

(Figure 2b), the peak intensities can decrease and their positions shift to higher and lower
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cell voltages during charge and discharge, respectively, due to the increased overpotential
and limiting kinetics. For the example in Figure 2b, the H2—H3 peak is barely visible when

charging at 1C, indicating that most particles do not undergo this phase transition.
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Figure 2. Differential capacity (dQ/dV) plots for NCMS85 at different C-rates indicating the
characteristic peaks corresponding to the phase transitions. The underlying data

stems from Publication V, while this material and cell system was also used in
Publication IV.

The phase transitions have also been investigated in numerous studies via X-ray diffraction
(XRD).140-145 The charging process, i.e., deintercalation of lithium, is reflected in changing
lattice parameters. The crystal lattice can be viewed as an alternating stacking of transition
metal (TM), oxygen, lithium, and oxygen layers. The lattice parameter a reflects the TM-TM
distance within the layer and decreases with increasing state of charge (SoC) since the ionic
radii of the TM also decrease due to oxidation. The lattice parameter ¢ represents the distance
between the layers and first increases with delithiation due to electrostatic repulsion of the
adjacent oxygen layers, which are less screened when not all lithium sites are occupied. At
the H2—H3 transition, i.e., at a high degree of delithiation, an abrupt decrease of the lattice
parameter ¢ and the unit cell volume is observed.!4+146 In the literature, this severe shrinkage

143,145 and is

of the interlayer spacing is also referred to as collapse of the layered structure
explained by two effects. On the one hand, there is a transfer of negative charge from oxygen
to nickel, which decreases the average charge at the oxygen ions and thus the repulsion
of the layers.!*> On the other hand, the absence of lithium ions between the oxygen layers

prevents the widening of the interspace.'#”



3 Cathode Composites: From
Theory to Reality

While many materials for SSB cathodes show promising intrinsic or theoretically predicted
properties, the extent to which these can be exploited in a full cell strongly depends on the
interplay between these materials. Full exploitation is challenging due to electrochemical
instabilities and the complex interplay between microstructure and processing conditions.
Evaluating the performance during cell operation requires integrating and testing the
materials in functional cathode composites.

Cathodes in SSBs are usually realized as composites of at least two phases — CAM
and SE.!*8 Electron conducting additives, such as carbon black (CB) or carbon nano fibers
(CNF), are also common.!%6%3149 Continuous large-scale production additionally requires
a polymer binder, which is usually electrically isolating.??”2°! Within this doctoral thesis, no
binder was used to reduce the complexity of the system. The use of conductive additives
depends on the particular publication.

In this chapter, the role of microstructure as well as degradation mechanisms in composite
cathodes is discussed. Hereby, built-in microstructural capacity losses, originating from
challenges during particle processing, is differentiated from interfacial degradation occurring
during cell operation. Different mitigation strategies addressing both types of degradation
are further elaborated. Understanding and controlling these aspects is essential for bridging

the gap between idealized theoretical models and real composite cathodes.

3.1. Microstructure of Composite Cathodes

This section covers how the microstructure influences the electrochemical performance of

composite cathodes, introducing concepts such as tortuosity and percolation.
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In an ideal cathode microstructure, all CAM particles are electrically, i.e., electronically
and ionically, connected within percolating networks, thereby enabling full theoretical CAM
utilization.?>!® Percolating networks are those that offer a continuous pathway from the
current collector to the separator, i.e., through the whole electrode. The percolation behavior

22,93

depends on several parameters, such as phase fractions*~"*, particle size distributions (PSDs)

29,151 126,152

and ratios , and mixing strategies

Charge transport along these pathways for electrons and ions needs to be as fast
as possible, which requires pathways of short length. In real composite cathodes, the
pathways are not straight lines through the electrode with length I jectrode but possess an
elongated and tortuous effective length [o. The ratio leg/ lejectrode is defined as geometric
tortuosity T and allows for calculating effective partial conductivities for electrons and ions.?’
Tortuosity factors and corresponding effective partial conductivities, which are always lower

in composites than the bulk conductivities, have been determined experimentally®3153-158

29,159,160

and via electrochemical modeling in numerous studies. They stress the importance of

minimizing the tortuosity to mitigate charge transport limitations in composite cathodes.”>1%

At first glance, the percolation and tortuosity of electronic and ionic pathways depend
on the phase fractions in the composite cathode. With increasing CAM content, the
effective electronic conductivity and electronic percolation increase, while the effective ionic
conductivity and percolation decrease. Similar considerations are valid for an increased
SE phase content. Previous studies suggest that balancing of electronic and ionic transport
pathways is beneficial for the cell performance.”>!>” For high-energy SSB cells (cf. Section 4.2),
the CAM fraction in SSB cathodes needs to be maximized, while maintaining sufficiently
fast ionic pathways, i.e., avoiding ionic transport limitations. Theoretical microstructure
simulations for cathode composites can identify suitable phase compositions and PSDs
to achieve microstructures with fully percolating networks.221%1 However, realizing these
microstructures in practice remains challenging since the SE, with its mechanical and
morphological properties, must already be considered during electrode manufacturing. This
marks a key difference compared to LIBs, where the porous network of CAM, conductive
additive, and binder can be easily infiltrated by the LE. For SSB cathode composites, the
processing, particularly the mixing, ultimately dictates the final electrode microstructure,
including percolation and tortuosity behavior, performance, and reproducibility.!?61>2 These

aspects are discussed in Publication II.
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3.2. Built-in Capacity Limitations and the Role of Particle Processing

In practice, microstructures of SSB composite cathodes deviate from theory and pose several
challenges, which are already present before any cell operation, referred to here as built-it
capacity limitations. Figure 3 displays an image obtained by scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) of a real and representative
microstructure with NCM82 as CAM and LigPS5Cl (LPSCI) as SE. This example serves as

the basis for discussing typical microstructural challenges in the following.

(i) Large SE
partlcles

partlcles
- without SE
contact

(v) CAM|SE

pomt contacts 3
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Figure 3. Exemplary SEM-EDX image of an SSB composite cathode microstructure high-
lighting origins of built-in capacity limitations.

First, the practical realization of tailored particle size distributions is extremely challenging.
Typically, CAM particle sizes are predefined, as these materials are generally obtained in
commercial quality. As a consequence, the PSD of the SE phase needs to be adapted for
achieving high-performance SSB composite cathodes, which requires comminution after
synthesis, e.g., via ball milling.2014815L155159 Often too large SE particles or agglomerates

remain, which need to be removed by sieving or are left in the batch and end up in the
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composite (see (i) in Figure 3). Such large particles bind unnecessarily large volumes of SE
in the composite cathode, which is not available in other regions of the microstructure.*® In
these regions (see (ii) in Figure 3) CAM particles are not in direct ionic contact with the SE.
This requires Li-ions to diffuse into neighboring CAM particles, which is a comparatively
slow process.!6!

CAM particles may also have no electronic contact via a percolating network to the current
collector (see (iii) in Figure 3). These electronically isolated particles are electrochemically
inactive and lower the static CAM utilization—a property which is investigated in detail in
Publications I, II, and III.

A further often encountered problem in SSB cathodes is a large remaining porosity (see
(iv) in Figure 3), which is considered as detrimental ?>?*!% Reducing porosity goes in line

with a better contact between CAM and SE particles. As seen in region (v) of Figure 3, these

are usually point contacts, which reduces the active interface area.

The Role of Particle Processing The impact of built-in microstructural capacity limitations
can be mitigated primarily by appropriate particle processing.

Ionically or electronically isolated particles are the result of inadequate particle size
distributions or insufficient mixing. Previous publications consider "homogeneous" mixing
as successful without further quantification. Publication II reveals the importance of the
mixing process for accurate data acquisition, evaluation, and interpretation, and discusses
an approach to quantify the mixing quality. Particle processing in terms of composite mixing
is key for well-performing SSB cathodes. At the same time, it is challenging due to the vast
parameter space, such as mixing time and speed, that needs to be explored. Noh et al.1?
demonstrated that not only the mixing method but also the order in which the components
are mixed can have a significant influence on the electrochemical performance. Also, during
mixing, additional effects such as comminution and (de)agglomeration of particles may
occur, further complicating the procedure. Since optimizing the mixing process on laboratory
scale is usually not the goal during fundamental investigations with a physico-chemical
focus, a method is needed to compensate for variations in the mixing process, which is the

topic of Publications I and II.
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To improve the CAM | SE interfacial contact area, two main processing strategies exist.
The first involves infiltration methods, where the SE is wet-chemically synthesized and

162-165

directly deposited onto the CAM particles. The second approach is based on dry

coating of SEs on CAM particles, which can be economically favorable since no solvents are
required.?3154166-168 pyplication III systematically investigates such an approach.
Optimizing the particle processing is crucial for large-scale production of SSB composites
and can be accelerated using process simulations. In this context, discrete element method
(DEM) simulations have proven to be a valuable tool for modeling the mechanical stressing
of particles during processing.316%170 A corresponding theoretical framework, originally
developed for grinding processes, is provided by the stressing model of Kwade!”!. Tt
considers individual stress events i during which energy, referred to as stress energy SE;, is
transferred to the particles. In general, SE is not constant but follows a frequency distribution.
When SE is related to a mass, for instance, that of the stressed particle mparticle i, the stress
intensity SI is obtained. The mean specific energy input Ep, mix can then be calculated by
relating the total energy transferred to the particles to their total mass m4,; (Equation 1).

The total energy is determined by the total number of stress events SN, which is the product

of stress frequency SF and process time tprocess-

SN SF'tproceSS
2 S Ei 2 S Ii : mparticle,i
i=1 i=1
Em,mix = = ( 1 )
Myotal Myotal

By calculating and comparing Em mix, the influence of different process parameters, such as
mixing time, rotational speed, or grinding media size, can be quantitatively assessed and, as

shown in Publication III, eventually linked to experimental observations.

3.3. Interfacial Degradation in Composite Cathodes

During cell operation, further interfacial degradation phenomena in the composite cathode
lead to performance deterioration of the SSB, either by increasing the cell resistance or
by a loss of active material. Interfacial degradation can be of chemical, electrochemical,
or (chemo-)mechanical nature as depicted in Figure 4 and complexly interrelated, thus

challenging to deconvolute.2867172-174 The exact degradation pathways and their importance
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depend strongly on the material combination used in the cathode composite. In the
following, degradation in SSB cathode composites with sulfide SEs, Ni-rich NCM, and
CNFs as conductive additive is discussed, since this material combination is promising from
an energy and power density perspective but also most challenging with respect to the
mitigation of degradation.'® Moreover, the presented concepts are relevant for Publications

IVand V.

Electrochemical
SE oxidation

Chemical SE oxidation
and rocksalt formation

Figure 4. Schematic illustration of interfacial degradation mechanisms in SSB composite
cathodes with polycrystalline NCM (dimensions are not accurate).

Interdiffusion

Electrochemical Degradation of the SE As mentioned in Section 2.2, each SE has an ESW,
i.e., a potential range, in which it is electrochemically stable.8! When in contact with a surface
having a potential above or below the ESW limits, the SE is oxidized or reduced, respectively.

In the case of the argyrodite-type sulfide SE LPSCI, possessing a narrow stability window
with a practical upper limit of 3.1V vs. Li* /L4, this electrochemical oxidation results in the

79,82

SE losing lithium. In the cathode composite, these oxidation reactions occur at three
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different interface types, namely at the current collector | SE!75, NCM | SE'7®, and CNF | SE””
interface. The electrochemical decomposition mechanism of LPSCI can be simplified by the

following equation, which is not written in a strictly stoichiometric form:

LigPS5Cl = Li,P,S; + LiCl(inactive) = S04+ P,S5 (inactive) + LiCl(inactive) (2)

It needs to be noted that PS5 and S’-like species, often referred to as polysulfides, should
be considered as "ideal" oxidation products.!”” Toward their formation, different oxidized
intermediate compounds of type Li,P,S; are conceivable, making the exact decomposition
mechanism complex.””82175-178

As indicated in Equation 2, the reactions are partially reversible.”?82175177-179 However,
the corresponding reduction reactions require potentials below 2 V vs. Li* /Li, which are not
feasible in NCM-based SSBs.”#2 Thus, the formed oxidative degradation products persist
and increase the resistance due to their low ionic conductivity, leading to performance

deterioration.%>175

Chemical Degradation of the SE At the SE | NCM interface, additional chemical oxidation
of the SE by oxygen takes place. Corresponding reactions can already happen due to mere
contact of the SE with NCM.”>176 More pronounced at high SoC, NCM materials are known

180-182

to release oxygen , which reacts with the sulfide SE forming sulfites /sulfates, phos-

173,176,183

phites/phosphates, and thiophosphites/thiophosphates as indicated in Equation 3.

The equation shown is for illustrative purposes and is not strictly stoichiometric.

LigPS5Cl + Oy (NCM lattice) — Liy PO, + LixSO, + Li,P,S,0, 3)

These chemical decomposition products possess low ionic conductivities'®4, leading
to an increase in resistance and hindering charge-transfer kinetics.®”1%> The degradation
reaction was found to increase with the SoC of the NCM and temperature.!86187
Reaction products stemming from electrochemical and chemical oxidation are usually

referred to as cathode-electrolyte interphase (CEI).27/186,188
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Transition Metal Interdiffusion TM interdiffusion out of the lattice structure into the
electrolyte is a well-known phenomenon in LIBs.!® For SSB systems, interfacial diffusion
of transition metals has already been reported in 2010 for LCO and a sulfide SE.!° Zhang
et al.'3* more recently confirmed via cryo-TEM that dissolution of transition metals from a
high-Ni NCM into LPSCI also occurs. Walther et al.””176191 assume that interdiffusion of
TMs leads to the formation of TM sulfides, which are intermediate products and difficult to
detect with analytical ex situ methods.

In general, this topic has received little attention in the SSB community so far. Systematic
studies are required to clarify the mechanism of dissolution/interdiffusion and to what

extent it has a detrimental effect on the performance in SSBs.

Degradation of the CAM The above-mentioned oxygen release from the NCM at high SoC is
accompanied by an irreversible structural transformation. By removing oxygen, the layered
structure (TM-O,) transforms into a cubic rocksalt-type (TM-O) layer.!4'192 This highly
resistive phase in the surface region of the particles impedes Li-ion transport by increasing
the charge transfer resistance, and it is thus seen as detrimental.!40:180,188

These and other degradation mechanisms within CAM particles, such as cation mixing,
can occur and lead to capacity fading. They are not unique to SSBs, but are inherent
challenges for NCM-based cathodes in both SSBs and LIBs. Details can be found and a lot

can be learned from respective works on layered oxide materials in LE systems.!41/144193,194

Chemo-Mechanical Degradation Chemo-mechanical effects are an interplay between CAM
and SE particles and originate from volume changes and the release of gaseous species.
The aforementioned oxidative degradation reactions of the SE lead to decomposition
products with smaller molar volumes.!*> Consequently, the partial volume of the catholyte
shrinks, and pores form at the interface. Also, the chemically oxidized products show an
increased brittleness and stiffness, which hinders them from maintaining proper contact
with the CAM particles.!3%!% Oxygen from the NCM not only oxidizes the SE, but can also

be released as gaseous species!?®

, causing additional pore formation and contact loss.
CAM particles further undergo volume changes of up to ~6 % during de-/lithiation
processes, which are, in the case of NCM, proportional to the Ni-content and SoC of the

material 1014414519719 Egpecially at a high degree of delithiation during the H2—H3 phase
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transition, the unit cell volume of NCM shrinks strongly (cf. Section 2.3). If the surrounding
SE is not capable of following these volume changes, further partial or complete contact
loss occurs. Thereby, the mechanical properties of the catholyte play a key role, which is
demonstrated in Publication III. Additionally, the volume changes can result in interparticle
cracking if polycrystalline materials are used. While LEs can penetrate into these cracks and

increase the active surface areal””

, cracking is a severe problem in SSBs since the SE is not
able to fill the occurring cracks, leading to slow kinetics.!®!

All these effects can lead to partial or complete contact loss of NCM particles to the SE
or to other NCM particles, which increases the lithium diffusion pathways or reduces the

amount of cyclable NCM.161,200.201

3.4. Strategies to Mitigate Interfacial Degradation

To mitigate interfacial degradation in composite cathodes, different approaches have been
developed, which are discussed in this section. These include modified CAM particles,

protective CAM coatings, and adapted cycling conditions.

CAM Particle Level The development of single-crystalline CAMs is considered a promis-
ing approach to mitigate interparticle cracking.!®!% Conforto et al.?®® have shown that
single-crystalline NCM significantly reduce the detrimental impact of chemo-mechanical
degradation in SSB cathodes compared to poly-crystalline NCM. However, according to
Minnmann and Strauss et al.?’, the problem of volume change persists and might be even
more severe along certain facets. This requires a controlled tailoring of the particle shape.?’2

A further strategy involves the development and use of zero- or low-strain materials!'*®

or blending CAMs with opposite volume changes!®’

. However, these approaches have so
far relied on low-Ni containing, i.e., low capacity, materials.
Doping, either in the bulk or in the surface of the NCM, is another investigated strategy.2*®

The idea is to prevent deleterious phase transformations via crystal lattice stabilization.2%4

Protective CAM Coatings An intensively researched approach to mitigate interfacial
degradation is the use of protective CAM coatings.?24>173203 In SSB composite cathodes, an

ideal coating protects in three ways: First, it has a low electronic conductivity which shields
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the SE from the high potential, mitigating electrochemical oxidation.*>?% Second, it should

201 Third, it needs to serve as a chemical barrier to

reduce chemo-mechanical degradation.
prevent chemical reaction with the SE.3?
Various coating chemistries have been investigated, ranging from binary and ternary

206207 polymers?912%8 or other SEs with higher stability?”. At this point, it needs to

oxides
be noted that usually residual lithium compounds such as LiOH and Li;CO3 remain present
on the CAM surface after synthesis, which can be regarded as a "natural” or "unintentional"
coating.2102!! Thus, any further intentional coating will rather result in a hybrid coating.?!2
An impression of the variety of reported coatings can be found in corresponding review
articles and will not be discussed further here.3233

Within this variety, lithium niobate (LiNbO3) can be considered as a standard CAM
coating layer. However, it should be noted that the LiNbO3 coating does not exist. The
final morphology and performance of this, as well as all other coatings, is affected by many
process parameters such as coating thickness, annealing temperature or atmosphere, coating
process, or additives.27213214 Typical publications on protective coatings, however, basically
rely on comparing the performances of cells using coated and uncoated CAM to demonstrate
the superior performance of the reported coating. This leads to very unspecific statements
and only a limited number of studies investigate multiple processing parameters.2?”-214-216
Furthermore, coatings are usually tested with different CAMs and SEs. Given the general
difficulties related to benchmarking as discussed in Section 4.2, a comparison across different
publications is basically impossible. This hinders the development of optimal coatings.

A first attempt toward systematic benchmarking of CAM coatings was proposed by
Hertle et al.1”?. Their approach, based on time-of-flight secondary ion mass spectrometry
(ToF-SIMS), allowed differentiation between different pathways of degradation, potentially

enabling a better mechanistic understanding. This benchmarking framework was employed

in Publication IV and further developed in Publication V.

Adapted Cycling Conditions The interfacial degradation phenomena and thereby the cycle
life of SSBs can also be tailored by adapting the cycling conditions. Hereby, the key is to
avoid the H2—H3 phase transition, which comes along with severe chemo-mechanical

degradation as discussed.
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This can be realized either by fast charging, so that the cut-off voltage is reached due
to the higher overpotential while the NCM has not undergone the phase transition (cf.
Section 2.3). However, this only works if the cell is charged in constant-current (CC) mode
and not in constant-current-constant-voltage (CCCV) mode.

Another way is to reduce the upper cut-off voltage below the phase transition. Indepen-
dent of the charging profile, i.e., CC or CCCV, the NCM particles never undergo the H2—H3
phase transition with associated volume changes.?!” This could also reduce the effect of
oxygen release and corresponding CEI as well as rocksalt layer formation. However, these
advantages come at the expense of reduced achievable capacity, which might be reasonable

depending on the specific application scenario.






4 Holistic and Realistic

Considerations on SSB Testing

Evaluating the performance and advancing fundamental understanding of SSB materials
and composite cathodes requires tailored experimental setups. While research on the
laboratory-scale typically operates at low TRLs (TRL 1-4), the omnipresent final battery
product demands TRL 9.° This significant gap between expectations and reality has already
been discussed by Frith et al.® from a non-academic perspective.

This chapter assesses the role and limitations of model cells, as used in this doctoral thesis,
and addresses fundamental challenges in performance benchmarking, standardization, and
comparability within SSB research. Finally, an outlook is provided on how natural and

engineering sciences can synergistically work together to bridge the TRL gap.

4.1. Laboratory-Scale Testing with Model Cells

Laboratory tests in academic research are often carried out in pelletized press cells (Figure 5),
which have been developed in different research groups at early stages of SSB research.3*
Press cells are also used in all works of this doctoral thesis and are basically unchanged for
more than eight years.'?

Press cells are reasonable for laboratory-scale testing for two main reasons. First, only
small amounts of materials are needed, typically less than 100 mg per cell. This is important
at low TRLs, since novel SEs are often not available in large quantities or are still expensive.
Secondly, the impact of engineering factors is considered relatively small, partly because

the process chain is short and involves only a few steps, allowing a better focus on material

and interface properties. In simplified terms, building a pelletized press cell "only" involves
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mixing powders, typically with a mortar and pestle, filling them into a die, and compacting
them uniaxially. This approach can be seen as a modular setup that is relatively easy to

adapt, in principle allowing one component to be varied while keeping the others constant.
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Figure 5. Comparison of the dimensions for a pelletized press cell and a cell designed for
practical application. The latter’s dimensions are based on ref.[218].

When comparing typical dimensions of such cells with application-relevant cell dimension
values, a clear gap becomes apparent (Figure 5). Most notably, a significantly thicker separator
and, instead of an LMA, a thick In-Li alloy anode are used. The main reason is to prevent
negative effects originating from these parts of the cell, such as dendrite formation and
excessive SEI formation, allowing focus solely on cathode-related phenomena. Bridging
these gaps, e.g., by fabricating thin separator sheets, involves a lot of advanced engineering
science, which can easily distract from the actual, often fundamentally scientific, research
question. Thus, the press cells, which are used for cathode-related investigations in this

doctoral thesis, should be considered as model cells.

Challenges of Standardization Tests with these model cells are expected to yield reliable
and comparable results. However, in 2024 Puls et al 3% demonstrated in an interlaboratory
round robin study that the opposite seems to be the case. Their study revealed that a lack of
standardization resulted in varying cell assembly parameters across different groups, each
using their own custom-made cell setups. These setups differ in current collector diameters,

sealing methods, and ways to apply stack pressure.?!?
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In the round robin study, large performance variations of full cells were also observed,
despite using the same materials.>* Due to the complexity of the datasets, the exact origins of
these discrepancies remained largely unexplained. Nevertheless, the authors emphasized the
need for more rigorous reporting of cell assembly parameters and recommended performing
measurements in triplicate to improve comparability and reproducibility. Publication II of this
thesis implemented this practice, demonstrated a satisfying intralaboratory reproducibility,
and proposed guidelines to enhance overall data reliability when investigating SSB cathodes.

The issue of standardization and reporting in SSB testing has been addressed in several
comment articles over the past two years.?? N. Vargas-Barbosa??! discussed that the
reproducibility and comparability of electrochemical data are general problems in the
scientific community. As a first step toward improvement, more detailed and transparent
reporting of synthesis, handling, processing, assembly, and electrochemical testing conditions
was recommended. C. Villevieille??? highlighted that better reporting is equally important
when studying battery materials with advanced characterization techniques. J. Drnec
and S. Lyonnard®? specifically pointed out the need for more reliable and reproducible
synchrotron-based characterization methods in battery research. In addition, a perspective

article by Wu et al.>!® also raised awareness of the importance of reliable SSB testing.

4.2. Issues in Performance Benchmarking

This section highlights the difficulties of benchmarking the electrochemical performances of
batteries across different studies.

In simple terms, the ultimate goal of a battery is to store and deliver as much energy as
possible, in the shortest possible time, and as many times as possible. This is reflected in
a high specific energy E;, (Equation 4) and a high specific power Py, (Equation 5), which
depend on the cell voltage V.., accumulated charge Q and the current I:

E,, = Ve Q (4)

Meell

Pm — VCQH : I (5)
Meell
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In a commercial product (TRL 9), Er, and P, need to be referred to the total mass of the
cell m .y, including materials, current collectors, and the cell casing. In SSB research, however,
cell-specific energy or power values are rarely reported in fundamental studies (TRL 1-4).1°
Instead, specific capacities, g, or areal capacities, Qa, depending on the current, are taken as
a figure of merit. In studies focusing on cathodes, the charge is often referred to the CAM
mass in the composite. The resulting specific capacity values, gcam, and corresponding
capacity losses are used to compare different modifications and draw conclusions on the
material properties. In the following discussion, the focus lies on CAM-specific capacities
and the discharge process. Analogous considerations apply to the volumetric capacity, i.e.,
accumulated charge per volume, and the charging process.

During cell discharge, the measured V. decreases until a pre-defined cutoff voltage
Veutoft is reached. According to Equation 6, Ve differs from the equilibrium voltage Veq
by the overpotential # when a current I is drawn, which lowers the achievable capacity.
The overpotential depends on the cell resistance, R e, which contains different resistance
contributions from anode, separator, and cathode (Equation 7). Thereby, the cathode
resistance contains three main components (Equation 8) originating from charge transport

(Rohm), charge transfer (Rc), and diffusion (Rgig).2 The resistance values are not constant,

but can evolve over SoC of the CAM and cycling time.?%161
Viny/dis = Veq 1 = Veq £ 1 Reenr (6)
Rcell = Ranode + Rseparator + RCathocle (7)
Reathode = Rohm + Ret + Raigr (8)

For a theoretical discharge curve under quasi-equilibrium conditions, the overpotential is
almost zero (Figure 6) and the achieved capacity sets an upper limit. In practice, the discharge
curve differs from the ideal curve, and capacity losses are observed. Publications I, II, and
III discuss how these capacity losses can be divided into static and kinetic losses and how
to separate them quantitatively. While kinetic losses depend on factors which increase the

overpotential, static capacity losses originate from electrochemically inactive CAM particles
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and are initially caused by the processing before cell operation (cf. Section 3.2). They can
increase further due to chemo-mechanical degradation. Both contributions can lead to a

discrepancy between capacities achieved in LIBs and SSBs with the same CAM.140,150,161,200
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Figure 6. Discharge curves illustrating static and kinetic capacity losses compared to the
theoretical capacity equilibrium curve. All curves are calculated from experimental
data of cells with NCM85 as CAM.

Another figure of merit is the rate capability, i.e., how much charge can be stored and
extracted at a certain C-rate. When using this kinetic quantity, attention needs to be paid
to the different resistance contributions (Equation 7) which all affect the overpotential, i.e.,
how fast the cutoff voltage is reached, and thus the attainable specific capacity. Hence, gcam
is not only affected by cathode-related resistances (Equation 8) but also by contributions
of the separator and the anode. As experimentally shown by Alt et al.%*, the anode can be
kinetically limiting already at relatively low current densities, leading to a non-negligible
overpotential. Similarly, a thick separator with a higher resistance will affect the capacity,
which is in the end attributed to the cathode.

To properly assess individual cathode kinetics, 3-electrode (3E) setups are required.
However, the press cells used in SSB research (cf. Section 4.1) are typically 2-electrode
(2E) cells. Several custom-designed 3E SSB cell setups have been reported224‘227, but these
are often difficult to prepare or fail to provide a sufficiently stable reference potential for

long-term testing. Overall, a widely applicable and easily implementable standard approach

across research groups is still lacking.
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As stated in a benchmarking study by Randau et al.', "the interdependence of cell
performance measures and the lack of a basic reference system make it difficult to evaluate
overall ASSB performance across different cell chemistries". SSB reports usually focus on
specific aspects such as modifications of the catholyte or CAM coatings. As mentioned, the
investigations are carried out in model cells that have certain dimensions. Since different
studies use different thicknesses for the separator and the anode, corresponding values for
Em and Py are hardly comparable and significantly lower than if an optimized separator
and anode were used.

In addition to different cell setups with varying geometries, the parameters during
electrochemical testing also hinder proper benchmarking and comparison. For example,
increasing the stack pressure leads to better capacity retention, although it has limited
relevance for practical applications.?!???8 Furthermore, the experimental temperature has
two effects: it improves transport kinetics while simultaneously accelerating interfacial
degradation kinetics.!®” The latter is also dependent on the cycling protocol, in particular on
how long the CAM remains in the delithiated, i.e., more reactive state. Consequently, the
mode of charging and discharging affects the cell behavior, depending on whether CC or
CCCV mode is used. Also, the rest time at high SoC matters. To mitigate degradation, it is
beneficial to discharge the cell directly after charging. However, this is far from application
since batteries remain in the charged state for most of the time.??” On the other hand, the
exact operating profile is hardly predictable, and a study by Geslin et al.3° showed that
dynamic cycling enhances battery lifetime compared to constant current discharge.

Overall, every individual testing and cell parameter affects the electrochemical results of
an SSB. To enable meaningful and fair benchmarking, all of these parameters would need to
be identical. However, no standardized testing protocols or norms currently exist for SSBs,
and different applications often require different performance metrics. Considering that
even for a mature technology like LIBs, standards typically exist only on a national level
rather than globally, the development of universally accepted testing and evaluation criteria
for SSBs appears highly challenging, if not unrealistic. In fact, the definition and application
of appropriate metrics and methods remain a fundamental and unresolved issue across

many areas of scientific research, far beyond the field of batteries.?3!
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Evaluating Cathode Performance in Model Cells Given that the final product, i.e., a battery,
is already on the market with existing applications, SSB research at low TRLs is often
expected to reflect practical applicability.218 In the following paragraphs, the performance
of cells investigated in this doctoral thesis are evaluated with respect to their relevance for
practical applications. For this purpose, they are compared to performance targets adopted

from the study by Randau et al.?.
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Figure 7. Specific energies and performance benchmarking of SSB model cells toward
application-relevant properties. The values for the model cells investigated in this
thesis are described in the main text and in Table 1. The reference cells and target
regions are adopted from ref.[19].

As shown in Figure 7a, E,, with respect to the cell mass, excluding the weight of current
collectors and cell casing for SSBs, is only about 40 Wh/kg for a typical laboratory model

press cell and thus significantly lower than the minimum requirement for application of
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more than 250 Wh/kg. This model cell, used in Publication II, consists of a ~150 pm thick
In-Li anode (48 mg), a ~700 pm thick (80 mg) LigPS5Cl separator, and a composite cathode
of ~50 um thickness (15 mg) with 70 wt% NCMS82.

The following values need to be considered as hypothetical and assume that an optimized
cell engineering is enabling thin separators and anodes. By decreasing the separator down
to ~85pum (10mg), Exn roughly doubles to 86 Wh/kg. At this point, it should be noted
that separators in this thickness range have already been reported.?*2>?3* Replacing the
In-Li alloy anode by an LMA (100 pm, 3.4mg), significantly increases the energy density
up to ~261 Wh/kg. In a final cell, careful balancing of cathode and anode is necessary,
and, in general, an anode thickness of 20 pm seems to be required and feasible.!8?!8 By
correspondingly reducing the weight of the LMA, the energy density reaches ~289 Wh/kg.

Realization of zero excess lithium, i.e., anode-free concepts!®!1?

would increase the energy
density by about 8 Wh/kg to ~297 Wh/kg. Further increasing the cell-specific energy
requires thicker cathodes.”” Doubling the cathode composite mass in the presented scenario
would lead to E, > 370 Wh/kg, under the assumption that the achievable capacity scales
linearly with the composite mass. Overall, main improvements in cell-specific energy can

1957 and a Li anode with minimized

be expected from minimized separator layer thickness
excess lithium!8, which requires advanced engineering.

The cell performance is governed by the complex interactions between the anode,
separator, and cathode. All components need to be optimized to achieve a low R and high
En and Py, which is theoretically limited by the specific energy of the cathode composite.
As proposed by Randau et al.’?, the hypothetical specific energy of the cathode composite,
Em(cat), which considers only the cathode composite mass, can serve as a useful metric to
compare the cathode performance in model cell systems. In the following, this metric is
used to benchmark the model cell configurations experimentally investigated in this doctoral
thesis. Specifically, Model cell 1 was used in Publication II, Model cell 2 in Publication IIT and
Model cell 3 in Publications IV and V. These are compared to two reference cells of the study

by Randau et al.?, published in 2020, which employed LiNig sC0p2Mng O, (NCM622) as
CAM with LizPSy (LPS) as catholyte. Details for all cells are summarized in Table 1.
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The top part of of Figure 7b displays a Ragone plot for the five different cells. A
clear improvement over the older reference cells is observed, particularly at higher Py,.
However, the desired target region exceeding 500 Wh/kg for E.,cay is still not reached.!
This will require an increased CAM content, a higher CAM utilization, and the successful

incorporation of a stable LMA.

Table 1. Overview of model cells used in this doctoral thesis and reference cells, showing
the compositions of the cathodes for which metrics are shown in Figure 7b.

Cell Composition CAM Type SEType Additive Anode
(CAM:SE:Additive)

Model cell 1 70:30:1 (15mg) NCMS82 LPSCI CNF In-Li

Model cell 2 80:20:x (15 mg) NCMS82 LisInCls CB In-Li

Model cell 3 80:20:0 (12mg) NCMS85 LPSCI - In-Li

Reference cell 1 70:30:0 (10 mg) NCM622 LPS - Li

Reference cell 2 70:30:0 (20 mg) NCM622 LPS - Li

In addition to Ep,car), @ high Q4 is essential to achieve cells of sufficient size. The most
straightforward way to increase Q4 is simply by increasing the amount of cathode composite.
As shown in the bottom part of Figure 7b, all model cells presented in this thesis already
exceed 2mAh/cm?, thereby surpassing Qa of the reference cells. Nonetheless, the desired
target region of more than 5 mAh/cm? has not been reached.'®!? Such high loading cathodes,
even exceeding 20 mAh/cm?, have been successfully demonstrated by Li et al.”’. In their
work, the authors used an SE with an ionic conductivity of more than 30 mS/cm in a thick
battery electrode.

According to a recent perspective by Wu et al.>18, areal loadings of >3 mAh/cm? already
provide a more realistic reflection of practical applications. In this context, the model cells of
this thesis, which need to be considered as reproducible standard cells for cathode-related
investigations, not being explicitly optimized for high energy or power density, are relatively
close to this requirement. The improvements relative to the earlier reference cells can
primarily be attributed to the use of higher-Ni CAMs and a more conductive SE, which
together contribute significantly to the enhanced performance. Approaching application-
relevant cathode metrics for model cells in the near future appears to be well within reach,

highlighting the practical potential of these model systems
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4.3. From Laboratory Toward Commercialization

Publications in the field of SSBs should be critically evaluated since often big claims are
made from small batteries (adapted from ref.[234]). Rather than overhyping laboratory-scale
findings®, results should be rationally assessed with regard to their relevance and practical
applicability. It is important to emphasize that studies using pelletized press cells represent
model systems tested under idealized conditions. These may include, for instance, low
cathode loadings, thick separators, or high stack pressures. All of these conditions deviate
from practical requirements and ultimately demand engineering solutions.® In general,
significant performance improvements can be expected from advanced and optimized
process and cell engineering, as currently demonstrated for LIBs, with the dry battery
electrode technology’ being one prominent example.?*®

Toward the commercialization of SSBs, cathode composites must be manufactured in
sheet-type form to produce large-format pouch cells. While small pouch cells are certainly
closer to real-world applications than press cells, they already pose significant challenges on
the laboratory scale: They require large amounts of materials, which in practice are simply
not available or too expensive. In addition, their production involves long process chains
with numerous engineering variables, such as electrode casting and drying, and subsequent

72,91

calendering. These parameters must be carefully optimized for each material system,

which can easily divert focus from fundamental scientific questions. Furthermore, a binder

236-238 needs to

that is typically electrically isolating??, but can also be ionically conducting
be incorporated, adding further complexity to the mixing process.

As illustrated in Figure 8, laboratory-scale results can vary considerably, often providing
only a rough estimate, since each measurement represents a single data point within a vast
process parameter space.® This stresses the importance of developing efficient benchmarking
approaches, for instance, as proposed in Publication V for protective CAM coatings, to
move beyond proof-of-principle studies and to better capture process influences already
at an early stage of research.!”3?14 At the same time, research at low TRL should critically
assess results to avoid over- or underestimating the performance and drawing misleading

conclusions. This risk becomes apparent when underestimated processing factors, such as

cathode composite mixing, dominate the observed behavior as discussed in Publication II.
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Figure 8. Bridging the gap from laboratory to commercial scale. Process optimization is
crucial to reliably and reproducibly approach the theoretical performance limit of
a material in a commercial product, moving beyond the broad process parameter
space explored at laboratory scale.

In the final product, the electrochemical properties may be significantly better or worse
compared to laboratory-scale results, depending on the specific processing conditions.
Scaling up processes, aiming at reliably approaching theoretical limits, involves significant
engineering and technological efforts, and represents a critical aspect of scientific advance-
ment. Natural sciences play a key role in uncovering theoretical and physico-chemical
limits, and in understanding fundamental mechanisms and processes that are generally
valid and independent of TRL and scale. Bridging the TRL gap therefore requires a deep
understanding of the process—structure—property—performance relationship. Regardless of

scale, laboratory or industrial, the process ultimately defines the product.
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5 Mixing Matters

At the start of this thesis project in January 2022, cathode composites were commonly prepared
on a laboratory scale by manual mixing using a mortar and pestle. The resulting composite
cathodes were often simply described as “homogeneously mixed” without providing further
quantification. At that time, it was unclear whether hand mortaring could be performed
reproducibly, even though it was widely used due to its simplicity and accessibility. It was
already known that SSB performance depends not only on intrinsic material properties but
also on the microstructure in the cathode composite, i.e., the arrangement of particles.???’
However, systematic studies focusing on the mixing process and its impact on microstructure
and reproducibility were missing.

The following two publications address this gap, providing a detailed assessment of
composite microstructures resulting from different mixing procedures. They demonstrate
that the mixing process plays a decisive role in determining both electrochemical performance
and reproducibility, as it directly determines how many CAM particles are in fact incorporated
within the electronic and ionic networks. This property is shown to be quantifiable in terms
of the static CAM utilization and needs to be differentiated from kinetic limitations.

The findings underscore that the mixing process, i.e., how particles are processed and
integrated into functional composites, is equally important as the material selection itself.
Even at a laboratory scale, it must be rigorously controlled and properly reported to avoid

misinterpretations of experimental data. In short: mixing matters.
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5.1. Publication I: Quantifying static capacity losses in solid-state

battery composites via coulometric titration comparison

An in situ electrochemical method to quantify the amount of electrochemically active mass,
i.e., the static CAM utilization, in the cathode composite was originally reported in 2021 by
Conforto et al.? to track active mass loss during extended cycling. Also, a previous study
by Bartsch et al.?? from 2019 used XRD to estimate the CAM utilization. However, a direct
comparison between the two approaches was missing.

This work addresses that gap in the form of a methodology paper, critically evaluating
both methods. Advantages, disadvantages, underlying assumptions, as well as limitations
are comprehensively summarized. The study concludes that XRD is not suitable as a
standard approach to determine the static CAM utilization. Without specialized equipment,
such as specific cell housings and X-ray sources, it can only be applied ex situ, and its data
evaluation is error-prone. By contrast, the in situ electrochemical method, called coulometric
titration comparison (CTC), is straightforward and can be easily integrated into standard
electrochemical testing programs. Thereby, the paper provides detailed guidance on the
proper application of the CTC method for quantifying the static CAM utilization. This

microstructural descriptor allows a distinction between static and kinetic capacity losses.

The study was designed by M. Kissel and K. Vettori under the supervision of J. Janek.
The first authorship is shared between M. Kissel and K. Vettori as they contributed equally to
this work. M. Kissel investigated the SSB cells and carried out the XRD measurements with
the help of D. Wagner. K. Vettori provided the LIB reference data, refined the procedure
to evaluate the CAM utilization, and implemented it in a Python program. D. Wagner
performed the XRD analysis and S. Schroder contributed to the discussion. The manuscript
was written by M. Kissel and K. Vettori and edited by all co-authors.

Reproduced from: Kilian Vettori, Maximilian Kissel, Daniel Wagner, Steffen Schroder,
Jirgen Janek. Quantifying Static Capacity Losses in Solid-State Battery Composites via Coulo-
metric Titration Comparison. Chem. Commun., 2026, 62, 5241, DOI: 10.1039/D5CC07213A,
licensed under CC BY 3.0.
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An electrochemical method is discussed to quantify in situ the static
CAM utilization, i.e., the fraction of electrochemically active mass in
solid-state battery composite cathodes. For that, coulometric titra-
tion curves of the same active material in cells with solid and liquid
electrolytes are compared. The results are contrasted with an
ex situ method based on X-ray diffraction.

Solid-state batteries (SSBs) have attracted substantial attention
in recent years due to their potential to deliver higher energy
and power density, along with expected improved safety com-
pared to conventional lithium-ion batteries (LIBs) that use
liquid electrolytes (LE)."* Despite the potential benefits, several
challenges must be overcome before SSBs can be widely
commercialized.> This includes issues such as interfacial
instability between the electrodes and the solid electrolyte
(SE), as well as chemo-mechanical degradation, which currently
limits performance and long-term stability.* While the goal for
the negative side is a reservoir-free lithium metal electrode, the
energy density of the cell is limited by the positive electrode,
which is designed as a composite of cathode active material
(CAM), SE and conductive additives.’

As a figure of merit, CAM-specific capacities and capacity
losses are often calculated with respect to the mass of CAM in
the cathode, mcam,tor, and used to compare the performance of
different composites or cells.® In a recent study, we discussed
the importance of differentiating between static and kinetic
capacity losses in SSB composite cathodes and revealed that
different composite mixing can be a main reason for variations
in mass-specific capacities with respect to mCAMYmt.7 Thereby, a
central challenge of SSB composites is to properly connect all
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CAM particles electronically. If this is not achieved, lower mass-
specific capacities are observed in SSBs compared to LIBs. We
recommend to consider these as static capacity losses.”® The
accurate evaluation of mass-specific capacities accounting for
static capacity loss of SSBs is critical to avoid data misinterpre-
tation at an early stage of research and for quality control
during scale-up.

In the present work, we discuss a reliable and simple
electrochemical method to estimate in situ the actual electro-
chemically active mass, Mcam,act, fOr a given SSB (half) cell with
respect to a reference LIB measurement. The methodology
is further called coulometric titration comparison (CTC)
and has been successfully employed in several of our previous
publications.”*" CTC shall be highlighted as well as critically
discussed here in depth to be more easily implemented by
other scientists testing active materials in different electrolyte
systems. First, we sketch the differences between LIB and SSB
cathode microstructures and their consequences for the capa-
cities during cycling. Then, we illustrate the working principle
and the experimental approach of CTC and discuss underlying
assumptions as well as natural limitations of the method,
including the numerical uncertainty of the method. Finally, we
show the results of CTC from an exemplary measurement with
LiNig ,Mng,;C00 110, (NCM82) in an SSB composite cathode
with LigPSsCl as the SE, and in a porous cathode in organic LE.
The determined active mass mcamace and the resulting CAM
utilization @camsss are compared with Rietveld-refined ex situ
XRD measurements on composite cathodes, revealing the frac-
tion of electronically unconnected, inactive CAM.

Let us first picture the difference in connectivity of CAM
particles in the cathodes of LIBs and SSBs (Fig. 1). In conven-
tional LIBs a porous, electron-conducting network of CAM
particles, binder, and carbon additives is infiltrated by LE.'>"?
In this porous electrode design, it can be assumed that nearly all
CAM particles are ionically and electronically connected and
thus electrochemically active (Fig. 1a). For discussion of this
assumption the reader is referred to SI Section S2.1. Differences
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~100 % of CAM addressed
-> Mainly kinetic capacity b
losses in LIBs

Higher overvoltage
-> shift in y-direction

Cutoff potential

—— Theoretical
— Curve with kinetic losses

Potential U

CAM-specific capacity

<100 % of CAM addressed
-> Static and kinetic
capacity losses in SSBs

Less active mass
-> contraction in x-direction

o

Cutoff potential

= Theoretical
ry | — Curve with static losses

Potential U

isolated
inactive

CAM-specific capacity

Fig. 1 Cathode designs in LIB and SSB. (a) In LIB, all CAM particles are
assumed to be electrochemically active (validated in SI Section S2.1).
(b) Thus, different CAM-specific capacities are the result of kinetic losses.
(c) In SSB, electronic connection of CAM particles might be incomplete.
(d) CAM-specific capacities of SSBs can be lower due to static capacity
losses, in addition to kinetic losses. In practice, both processes are
intertwined and lead to complex behaviour.

in measurable specific capacity g during the first cycles can then
be mainly attributed to kinetic effects, which increase the over-
potential (Fig. 1b), so that the cutoff potential is reached earlier.
The situation is different in composite cathodes in SSB cells
(Fig. 1c). In this case, the CAM particles need to be mixed with a
SE, which comprises particles with a specific size distribution,
morphology, and mechanical properties that should be adapted
to the properties of the CAM.'"® As shown in previous studies
also by our group,”® it can happen that a substantial amount of
CAM particles is already from the beginning not incorporated in
the electronic network, e.g. due to poor mixing. In both, LIB and
SSB, carbon additives are used to electronically connect the CAM
particles. For LIBs more porous carbons are used, whereas SSBs
often employ carbon nanofibers (CNF) for long range connection.
The unconnected CAM particles do not take part in charging/
discharging, and must be considered as electrochemically inactive,
lowering Mcamace- Thus, in addition to kinetic capacity losses,
substantial static capacity losses” need to be considered, which are
visible by a horizontal compression of the charging curve (Fig. 1d).
To accurately evaluate the specific capacity and avoid data mis-
interpretation, precise knowledge of the actual electrochemically
active mass Mcam,ace in SSB composite cathodes is required.”
Here, CTC represents a straightforward approach to quantify
Mcamace and  Ocamsss. The corresponding procedure is
sketched in Fig. 2 and will be elaborated in the following for
NCMS82. Experimental details are given in the SI Section S1.
First, a LIB cell is built as reference, and a coulometric
titration curve, e.g. based on the galvanostatic intermittent
titration technique (GITT),"” is recorded (Fig. 2a). The open
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Potential U ©  Equilibrium Up®

Charge QSSB

Time ¢

Fig. 2 Working principle of the CTC. (a) Coulometric titration data in LIB
serving as reference, (b) potential and accumulated charge of SSB during
charge and relaxation steps.

circuit potential (OCP) follows a characteristic function vs. the
lithium content x in Li; _,NCMO,, which can also be expressed
as state-of-charge (SoC) or mass specific capacity g.*®'® These
thermodynamic data serve as the reference curve. Coulometric
titration measurements contain inherent errors which are
discussed below and estimated in detail in SI Section S2.

To calculate mcamace in the SSB composite cathode, two
equilibrated potentials U; and U,, and the charge Q;,ssp that
was accumulated to reach U, need to be known (Fig. 2b). Q12 ssg
is then compared to the corresponding Qs from LIB data.

Together with mcam 115, i €., the total mass of CAM in the LIB
cathode, the actual electrochemically active mass of the SSB
cathode can be calculated with eqn (1):

QIZ,SSB (1)

MCAM act =
OnLB

MCAM,LIB

If less CAM is statically active, after reaching U, (or the
corresponding SoC), the SSB has accumulated less charge
Q12,558 compared to the LIB. The fraction of active CAM in
the SSB, i.e. the CAM utilization @cam,ssp, can then be calcu-
lated via eqn (2):

Ocam,ssB = Mcam,act/Mcam,tot @)

The following fundamental assumptions need to be consid-
ered when calculating the active mass via CTC:

This journal is © The Royal Society of Chemistry 2026
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First, it is assumed that in the LIB reference cell, 100% of the
CAM is electrochemically active and thus all particles contri-
bute to the coulometric titration curve (See SI Section S2.1).
Furthermore, CAM utilization is understood as constant during
the experiment.

Second, the potentials obtained for LIB and SSB need to be
in equilibrium and follow the same titration curve of the
pristine CAM. OCP values need to be in a region, where the
titration curve is a well-defined and monotonically increasing
function vs. the lithium content x.

Third, the capacity/charge measured is purely from de-/
lithiation of the CAM, meaning a faradaic efficiency FE of 1
without contributions from other reactions, as e.g., electrolyte
decomposition.

Furthermore, to ensure a meaningful result for mcam act, the
parameters entering eqn (1) have to be carefully extracted,
leading to the following experimental considerations:

The mass of CAM, which is used during the preparation of
electrodes (LIB and SSB) is essential for a reliable application of
CTC. This means that both mcam e and mcam s enter the
CAM utilization ©cam,ssg With the weighing error. Furthermore,
it is known that the CAM utilization in SSBs can be dynamic
within the SoC, especially due to interparticle contact issues
after volume contraction of NCM-type layered oxides above
~4.2 V.>° CTC is recommended at potentials where negligible
chemo-mechanical changes in utilization occur in SSBs.>»**

The potentials need to be equilibrated. Thus, it is recom-
mended to measure at potentials/SoCs where electrode kinetics
is fast. For NCM, this is again at medium potentials/SoCs,>*>*
where diffusion of lithium is fast, allowing shorter relaxation
times and avoiding concentration gradients.”**’

Obviously, SSB and LIB potentials need to be compared against
the same reference potential. Since SSBs often employ other
counter electrodes, their potentials need to be known and stable,
as the In-InLi anode, with +620 mV vs. Li*/Li (SI Section $3.1).>®

Another consideration regards the OCP fading due to para-
sitic reactions, e.g. electrolyte decomposition re-lithiating the
NCM. To quantify this, dU/d¢ at the end of relaxation, often
called “OCV fading” or “self-discharge”, at different potentials
can be extracted and should be minimized experimentally.>
The SI Section S2.3.1.2 shows such evaluation for the LIB
reference cell. In general, it can be useful to use low loadings
to reduce lithium concentration gradients in the cathode,
coming with the cost of less precision for mcam s SI Section
S2 provides data and recommendations on optimal experi-
mental design. Potentials should be unique for a specific
charge, meaning that two-phase regions/potential plateaus
should be avoided, posing challenges for two-phase materials
like LiFePO, (SI Section $2.2).°° Finally the potential
curve should be as close as possible to the pristine CAM,
since extended processing is known to change the titration
curve.*!

The charge: We further recommend applying formation
cycles to the cells to obtain stable titration curves for the active
material, where the faradaic Efficiency (FE) of CAM de-/lithiation
is close to 1 and no other processes like CEI formation are

This journal is © The Royal Society of Chemistry 2026
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expected. Of course, cycling induced changes should be
minimized. To identify voltage regions dominated by CAM
de-/lithiation, we suggest comparing titration curves in both
electrolytes.

We applied the CTC to two SSB cathode composite batches,
which are expected to exhibit varying degrees of CAM utiliza-
tion due to different electrode compositions.'® One batch with
a CAM:SE:CNF ratio of 70:30: 1 (further called “good SSB”” and
shown in blue) and one with CAM:SE of 60:40 (“bad SSB”,
shown in orange).

LIB
SSBy.¢
SSB,

good

150

50 100
Q/Mepp ot/ MAN/g

200

e pristine
SSBy,q —fit| ]
SSB, i

'good

counts

L L L
Lpscl[nem, Jnem ]

residuals
o

-10%
17.5

19.0 36 37 38 39 40
20(CuKa)/deg

L L
180 185

100

90

80

Ocnm/ %

70

60

50

Fig. 3 Experimental results on good and bad SSB cathode composites. (a)
Electrochemical data during application of CTC with LIB reference. The
inlet shows an exemplary calculation of Ocamsss for two OCPs of the bad
SSB. (b) XRD spectra and Rietveld refinements with indicated reflex posi-
tions. (c) Resulting CAM utilization (egn (2)) from XRD and CTC method.
Grey error bars for XRD are from Rietveld refinement and black from an
estimated error of 5 wt% per phase. Error bars for CTC are from application
to multiple potential steps (S| Section S3.2).
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We obtained multiple relaxed potentials for both SSBs by
repeating a simple charge and relaxation protocol, shown by
highlighted points in Fig. 3a. The SSB charge procedures
(orange, blue data points) deviate from the coulometric titra-
tion data of the LIB reference (grey). The inlet showcases how a
CAM utilization is calculated for two OCP values of the “bad”
SSB. This procedure (eqn (2)) was applied for all neighboring
OCPs and both cells as shown in SI Section S3.2 via a Python
script.*> From the obtained CAM utilizations we calculated a selected
average (SI section S3.2), resulting in Ocamsss Of 76.4 + 5.8% and
101.2 + 2.6% for bad and good SSB, respectively.

Additionally, we performed XRD on the “good” and ‘“bad”
SSB composites after extracting them in the U, state after
holding U = 4.15 V for 12 h. While the major part of the signal
corresponds to active, delithiated NCM (NCM,, green indica-
tor) in H2 phase, distinct reflexes of inactive NCM (NCMinact,
grey indicator) in H1 phase are observed for both SSBs
(Fig. 3b).>® For comparison, also a pristine composite, contain-
ing only NCMipqact, is shown in grey. Full diffractograms are
given in SI section S4. Shifting of reflexes due to changes in
lattice parameters is well understood for NCM and can be
compared for the used NCM82 with an in situ XRD in a liquid
cell reference (SI Section S4). Following the approach by Bartsch
et al® and Strauss et al** the XRD data were refined
by the Rietveld method with two NCM phases and the SE
phase, allowing an estimation of @cawmssg. The results
of both methods, CTC and XRD, are compared in Fig. 3c. The
XRD data validate the CTC method, delivering 89.7% CAM
utilization for the good SSB in contrast to only 77.0% for the
bad SSB. In SI Section S5 the charge curves of good and bad SSB
are compared when being normalized to mcam,ace instead
of Mcam;tot-

We observe a systematically lower CAM utilization when
quantified by XRD for SSBs that perform very well (as measured
by CTC). This could be due to a LIB reference that suffers from
similar capacity losses as the SSBs, thus overestimating
Ocam,sse- Another reason could be LPSCI contributing to capa-
city while the actual mcam,ace is lower. Most plausible is that
Rietveld refinement of a phase with a minor volume fraction
and correspondingly small signal in XRD data inherently leads
to error-prone results, e.g. overinterpretation of device-related
shoulders of reflexes.

We believe CTC offers multiple advantages over the
approach based on XRD while allowing comparable accuracy.
First, it requires no additional equipment and enables an in situ
determination of Mcam,acc instead of ex situ and post mortem
measurements, which is typically done for XRD on SSBs.
Furthermore, XRD data refinement as quantification of small
mass fractions is inherently inaccurate.

In contrast, coulometric titration comparison (CTC) allows
reliable in situ access to Mcam,ace- The procedure is simple to
implement and allows an estimation of errors, providing a
useful tool. We have applied it successfully to SSB composite
cathodes and verified the results with an ex situ XRD method,
but the procedure can be used for any suitable active material
under the assumptions discussed in this work. Furthermore,
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best-practice is described regarding experimental design and
the evaluation via Python script facilitates the implementation
of CTC. In general, coulometric titration has proven to be
highly useful within our working group as multiple publica-
tions employing CTC show.” ! Applied to SSBs, the possibility
to uncover the presence of electrochemically inactive electrode
material, may help to develop and optimize advanced cathode
composites for next-generation applications.
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5.2. Publication Il: Quantifying the Impact of Cathode Composite
Mixing Quality on Active Mass Utilization and Reproducibility of

Solid-State Battery Cells

The methodology of Publication I was employed, statistically validated, and further discussed

in Publication II. This publication!*

was motivated by an interlaboratory round robin study
by Puls et al.3, which revealed large variations in cell performance among different research
groups despite using the same materials. However, the underlying reasons remained largely
unresolved. The aim of this work was to systematically investigate the intralaboratory
reproducibility, with a particular focus on the impact of the cathode composite mixing
process on the electrochemical performance. To this end, a model system for composite
cathodes was employed, containing NCM82 as CAM, LigPS5Cl as SE, and CNFs as conductive
additive. The composites were prepared either manually using a mortar and pestle or
machine-made using a mini vibrating mill. A statistically relevant data set was acquired
by producing 17 different composite batches, with a minimum of three cells assembled per
batch.

The study demonstrates that, even when using identical materials and cell assembly
parameters, significant capacity variations up to 40 mAh/g can occur solely due to differences
in cathode composite mixing conditions. It shows that hand mortaring is less reproducible
than machine-made composites, given that appropriate process parameters are used. A
detailed assembly protocol for reproducible performance is reported, and the results can
serve as a standardized reference in the future.

Furthermore, the work statistically validates the quantitative framework of Publication
I for evaluating the CAM utilization and disentangling static from kinetic capacity losses.
This approach encourages rethinking of conventional specific capacity calculations at low
TRLs. The findings emphasize the necessity of controlled mixing protocols to achieve
reliable and reproducible SSB performances, highlighting a frequently overlooked source
of experimental variability. The proposed framework, which differentiates between static
and kinetic capacity losses, is directly transferable to other material systems and enables a
more precise evaluation of mixing quality. It also contributes to improved data reliability
by helping to avoid misinterpretation arising from process issues rather than material

limitations.



5.2. Impact of Cathode Composite Mixing on Cell Performance and Reproducibility (Publication I1) 53

The study was designed by M. Kissel under the supervision of ]. Janek. The experiments
were planned and coordinated, and all data were evaluated by M. Kissel. The manuscript
was written by M. Kissel and edited by all co-authors.

Reproduced from: Maximilian Kissel, Marie Schosland, Julia Téws, Daizy Kalita, Yannik
Schneider, Jill Kessler-Kiihn, Steffen Schréder, Johannes Schubert, Finn Frankenberg, Arno
Kwade, Anja Bielefeld, Felix H. Richter, Jiirgen Janek. Quantifying the Impact of Cathode
Composite Mixing Quality on Active Mass Utilization and Reproducibility of Solid-State
Battery Cells. Adv. Energy Mater., 2025, 2405405, DOI: 10.1002 /aenm.202405405, licensed
under CC BY 4.0.


https://doi.org/10.1002/aenm.202405405

54 5. Mixing Matters
ADVANCED

ENERGY

RESEARCH ARTICLE MATERIALS

www.advenergymat.de

Quantifying the Impact of Cathode Composite Mixing
Quality on Active Mass Utilization and Reproducibility of

Solid-State Battery Cells

Maximilian Kissel, Marie Schosland, Julia Téws, Daizy Kalita, Yannik Schneider,
Jill Kessler-Ktihn, Steffen Schrider, Johannes Schubert, Finn Frankenberg, Armo Kwade,
Anja Bielefeld, Felix H. Richter, and Jiirgen Janek*

1. Introduction

Research into the development and understanding of solid-state batteries

often relies on pelletized press cells due to their comparative ease of use.
However, these model cells are prone to comparability and reproducibility
issues. This study examines the extent to which the cathode composite
preparation influences the cell performance of a reference system comprising
LiNig g,Mng o;Co, 1,0, as the cathode active material, LigPS;Cl as the solid
electrolyte, carbon nanofibers as the conductive additive, and an
indium-lithium foil anode. The cathode composite is prepared either via hand
mortaring or in a mini vibrating mill. The mixing process is found to be critical
for the reproducibility of cell performance and accounts for many of the
discrepancies observed in the capacities of different cells made with identical
materials and following the same cell assembly protocol. The open-circuit
relaxation method is implemented to quantify active mass utilization in the
cathode in situ, which depends on the mixing process and correlates with the
cell performance. This approach allows for a quantitative differentiation
between static and kinetic capacity losses during the discussion of specific
capacity values. The results demonstrate the significance of cathode
composite mixing and the necessity of quantifying the mixing quality for
reliable electrochemical data acquisition and interpretation.
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Solid-state Dbatteries (SSBs) are heav-
ily investigated in academia and indus-
try driven by their promise of elevated
energy and power density as well as
higher safety compared to conventional,
liquid electrolyte-based, lithium-ion bat-
teries (LIBs). However, toward practi-
cal application on a larger scale, differ-
ent challenges in all parts of the bat-
tery cell and at every level of battery
cell production need to be overcome.[!~]
To evaluate potential solutions such as
protective coatings for active materials,
new solid electrolytes, modified cath-
ode active materials and to investi-
gate fundamental physico-chemical phe-
nomena, solid-state battery full cells
that consist of an anode, a separator,
and a cathode are usually built. These
cells are often composed of composites,
which are heterogeneous particle mix-
tures. While such mixtures are less com-
mon in the anode [®7] — where lithium
metal or lithium metal alloys are typically used #% — and
the separator [''12], they are particularly prevalent in the
cathode.l'31°) Cathode composites frequently comprise particles
of cathode active material (CAM), solid electrolyte (SE), and con-
ductive additives. Such composites are employed in various stud-
ies investigating, for instance, the kinetics, SE performance, or
protective coatings for CAMs.[16-21]

Many investigations on low technology readiness levels (TRL)
are conducted using easy-to-prepare pelletized press cells al-
though this cell setup is not commercially relevant.[?? Neverthe-
less, this approach creates reasonable model cells as the used ma-
terials, e.g. coated CAMs, are often not available in large quan-
tities at early state of research. Thus, laboratory-scale compos-
ite batches of typically only 100 mg — 300 mg are prepared by
mixing of the materials, often carried out only manually with
mortar and pestle.'82123-26 The objective of the cathode com-
posite mixing process is to construct well-percolating ion- and
electron-conducting networks that possess a sufficiently large ac-
tive interface area with each other, thereby enabling the partic-
ipation of all CAM particles in charge and discharge. This is
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usually self-evident in porous LIB electrodes that are infiltrated
by a liquid electrolyte, but, in SSB composite cathodes, the cre-
ation of well-percolating networks with 100% electrochemically
addressed, i.e., fully utilized, CAM particles is not trivial.[**]

Simulations have shown that the microstructural arrangement
of CAM particles and SE particles is crucial for the transport ki-
netics since it affects the effective conductivities within the com-
posite cathode.?’-?%] Experimental studies confirmed the effect of
CAM and SE particle sizes as well as pores in the composite cath-
ode on the cell performance.'73*-32] Despite its expected decisive
influence on the microstructure, analyzing the mixing process of
cathode composites for SSBs has received comparatively little at-
tention to date.[>**-3] The mechanical properties of the particles
as well as often wide particle size distributions of the SE pose a
challenge for a successful mixing process and stress the need for
further research and improved processing techniques.*>3¢!

As recently commented by Vargas-Barbosa,’’] there is cur-
rently no standardized workflow to evaluate the electrochemi-
cal performance of an SSB material and to determine the figure
of merits for specific battery cells, which makes a comparison
between different studies almost impossible.[®3?] Also, a recent
wide interlaboratory round-robin study 12 highlighted large dis-
crepancies among different working groups regarding the elec-
trochemical performance of their cells, even when constructed
with the same materials. Yet the underlying reasons for the large
performance variations remain to be further elucidated, espe-
cially with respect to the composite cathode.

In light of these findings, we undertook a critical assessment of
our cell construction methodology with respect to reproducibil-
ity, conducting an intra-laboratory investigation — complement-
ing the recent round-robin test.?%) Thereby, we show that despite
identical assembly parameters, materials, and equipment, signif-
icant variations in the specific capacities for nominally identical
cells are still possible. These variations can unambiguously be
retraced to the microstructure of the composite cathode, which
depends solely on the cathode composite mixing process in this
study. We propose a cell assembly protocol for pelletized press
cells that ensures an improved reproducibility and comparability
of the electrochemical performance in this study. We also em-
ploy a method for in situ quantification of the mixing quality
in terms of active mass utilization, which is found to correlate
strongly with cell performance. Based on statistical evaluations,
we highlight the significance of this static property for the inter-
pretation of electrochemical capacity data. Furthermore, we dis-
cuss the importance of distinguishing between static and kinetic
capacity losses, both of which influence the measurable capacity
of solid-state cells. Our results highlight the critical role of cath-
ode composite mixing, emphasizing the need for a reproducible
composite preparation procedure and its analysis for subsequent
electrochemical measurements and data interpretation.

2. Results and Discussion

2.1. Improving the Reproducibility of Pellet-Type Solid-State
Battery Cells

Throughout the intra-laboratory benchmarking study, the fol-
lowing parameters were kept constant: the active material batch
(LiNi g, Mn, ,Coy 1, 0,), the Li;PS;Cl solid electrolyte batch, the
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carbon nanofiber batch with a weight ratio of 70:30:1, the indium-
lithium foil couple as the anode, the glovebox handling, pressure
setup, and electrochemical benchmarking protocol. This allowed
us to focus as much as possible on the composite fabrication em-
ploying both manual hand grinding and an automated mechan-
ical mixing process in a mini vibrating mill, which is referred to
as “machine-made” in the following. The electrochemical bench-
marking protocol (Figure 1) deliberately did not include any ex-
tended C-Rate tests or long-term cycling to limit the impact of
chemo-mechanical effects, which are hard to control.

Following a resting period of 6 h for equilibration of the In—Li
anode,!®l the cells underwent an initial formation cycle at 0.1C.
As the next step, the amount of active mass, i.e., the CAM uti-
lization, was determined via open circuit potential (OCP) relax-
ation adapted from the methodology previously reported [*0); its
importance is discussed below in detail. At this point, also the full
cell impedance was measured at 3.1 V vs. In/InLi, a potential at
which the CAM-SE charge transfer resistance is relatively low.[*!]
Afterwards, the cells were galvanostatically cycled between 1.9
and 3.7 V vs. In/InlLi for three cycles at 0.1C, 5 cycles at 0.3C,
and 5 cycles at 1.0C before the cell was cycled at 0.1C for one ad-
ditional cycle. As a last step, the CAM utilization and impedance
were again determined, for which no full cycle is required.

This benchmarking program allows us to effectively and effi-
ciently draw conclusions on the reproducibility of the cells. In this
study, per batch of cathode composite, either produced by hand
grinding or machine-made, three cells were built and electro-
chemically tested to investigate the variations within each batch,
i.e., the intra-batch effects. In theory, all cells should exhibit the
same electrochemical performance since the same materials and
composition were used. The batches are consecutively numbered
and the details including all raw cycling data are openly available
(see Data Availability Statement).

2.1.1. Contrasting Hand Mortaring With Machine-made Cathode
Composites

In academic lab practice, the mixing of cathode composites is of-
ten carried out manually with mortar and pestle as it was also
done in the abovementioned round-robin study.[?*#>-° Apart
from the inherent limitations of hand grinding in terms of scal-
ability, there is reasonable doubt whether this process is repro-
ducible because the applied forces and movements presumably
differ from person to person. To investigate this ‘human factor ",
we tested three batches of hand-ground composites fabricated
by three different persons (batches 1-3). The discharge capaci-
ties obtained from the cycling program (Figure 1) are shown in
Figure 2a for each of the nine cells. Figure 2b displays the mean
discharge capacities per batch including the standard deviation
for each C-rate.

It is evident that there are considerable discrepancies in the
tested cells, with capacities ranging from 162 to 188 mAh g.
The mean discharge capacity at 0.1C for the composites of batch
1 was (187.0 + 0.8) mAh g~', while the composite of batch 2 ex-
hibited a significantly lower capacity of (166.9 + 3.8) mAh g.
Also, at 0.3C and 0.1C, the capacities of batch 2 remain lower
than those of batch 1. The composite prepared of batch 3 demon-
strated capacities intermediate to those of batch 1 and 2, but with
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Figure 1. Exemplary voltage profile overtime during the electrochemical benchmarking protocol employed for all cells in this study.

higher variance between 2.2 to 5.9 mAh g~!, depending on the C-
rate. Generally, the variance increases with increasing C-rate for
the cells of batches 1 and 3, with two outliers of lower capacity.
In contrast, the opposite trend is observed for the cells of batch
2, which show very similar, but lower capacities at elevated C-
rate. When considering all nine cells, mean discharge capacities
0f 178.0/162.6/133.3 mAh g are achieved at 0.1C/0.3C/1C with
a standard deviation of 9.0/9.7/10.8 mAh g~', respectively. The
corresponding coefficients of variation are 5.1/5.6/8.1 %, respec-
tively, indicating a high variation of the data. Overall, the varia-
tions in capacities within a single batch and between different
batches are unsatisfactorily large.

Furthermore, a machine-made composite preparation with a
mini vibrating mill (see Experimental for details) was investi-
gated. This type of cathode composite preparation has been in-
creasingly used in previous studies.[>'7?*>!l Three composite
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batches were produced in the mill at a frequency of 30 Hz for
30 min using nine ZrO, milling balls (5 mm in diameter) for
300 mg of composite.

The discharge capacities for the machine-made composites ob-
tained from the benchmarking cycling program are shown in
Figure 3a for each of the nine cells, while Figure 3b displays mean
discharge capacities per batch including the standard deviation
for each C-rate. In the following, the main results will be sum-
marized referring to all nine cells. At 0.1C/0.3C/1C, a mean dis-
charge capacity of 179.5/164.9/138.5 mAh g~! is achieved with
a standard deviation of 2.4/3.0/4.3 mAh g~!, respectively. The
corresponding coefficients of variation are 1.4/1.8/3.1 %, respec-
tively, which indicate a high reproducibility, i.e., low variation.
However, there is a trend of increasing variation with higher
C-rate, especially obvious for batches 5 and 6 at 1C, each con-
taining one outlier with lower discharge capacity. Nevertheless,

b
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Z220t [ Hand Ground Batch 11
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Figure 2. Discharge capacities achieved at different C-rates for a) individual cells and b) average per batch. Each batch was hand-ground for 15 min by

a different person.
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Figure 3. Discharge capacities achieved at different C-rates: a) individual cells and b) average per batch. Each batch was machine-mixed with the same

parameters.

compared to the cells with hand-ground composites, we consider
the results with machine-made composites to be reproducible.
This is even more reasonable when performing a conventional
error calculation for specific capacities.

As a standard approach, the specific capacity of the CAM, qcay
is calculated by referring the measured charge Q to the total mass
of active material particles, mc,y ., Wwhich equals the product of
composite cathode mass, mc, and active material mass fraction
in the cathode, x,:

Q

Mce * Xam

deam = (1)

In practice, the calculation of qc,), according to Equation 1 is
error-prone. Errors in the weighing process and possible loss of
composite when filling it into the cell casing should be accounted
for with at least Amq = 0.1 mg.l>?) Similarly, we assume an error
of Ax,, = 0.0005 resulting from weighing in the powders for the
composite preparation. The error in measuring the charge, AQ,
is assumed to be negligible. Applying the principle of propaga-
tion of uncertainty the error for the capacity is

94cAM 2 (dacam
A -
acAM \/( Q CC) +( IXAM

with Q = 1.5 mAh, m = 12 mg and x = 0.6931, leading to
Agcay = 1.5 mAh g=!. This means that there is always a pos-
sible error of at least 1-2 mAh g~! which should be kept in mind
when comparing specific capacities of different cells. As a result,
the higher intra-batch as well as inter-batch reproducibility of the
cell capacities with machine-made composite cathodes is even
more evident.

Another potential error source affecting the capacities is the
homogeneous distribution of the cathode composite on the sep-
arator layer, which should result in a uniform cathode thick-
ness. Since this is more error-prone with the standard amount
of 12 mg cathode composite (%2 mAh cm~? for the used com-
position in this study), an increased amount of 15 mg (equals
~2.5 mAh cm~?) cathode composite was tested. Although this
leads to a 25% thicker cathode, we found that it has no detrimen-
tal effect on cell performance (Figure S1, Supporting Informa-

aq) e (acam
l]mcc

(2)

2
)
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tion). Rather, this amount facilitates the homogenous distribu-
tion of the composite cathode and is used within the cell assem-
bly protocol introduced in Section 2.1.3.

2.1.2. Effect of Anode Processing on the Resistance

In addition to the cathode preparation, also the anode can have
a negative impact on the performance and reproducibility of
solid-state cells. The construction of In-Li alloy anodes has been
discussed in depth in the literature, as its two-phase character
bears the risk of poor kinetics.”"%) In this work, two ways of an-
ode preparation using an indium and lithium foil couple were
used. On the one hand, an individual anode preparation was car-
ried out, which means that the lithium and indium metal foils
were stacked on each other, then comparatively little pressure
(~40 MPa) was applied to allow for diffusion and formation of the
In/InLi two-phase composite and finally the stack pressure (~80
MPa) for cycling was applied. As depicted in Figure 4, the corre-
sponding anode contributions at the beginning vary between 1.4
and 14.4 Qecm? with a mean value of (6.3 + 2.8) Qecm?.

To reduce these variations toward a cell assembly protocol, we
investigated on the other hand the effect of pressing the lithium
and indium foils together with the separator and composite cath-
ode at 375 MPa. We found that following this approach lowers
the absolute impedance contribution as well as the variations to
(2.5 # 1.0) Qecm?. The difference compared to the individual an-
ode preparation is most evident at the beginning of the electro-
chemical benchmarking protocol (Figure 4). During cycling, the
contributions of both ways of anode preparation become more
similar but the mean value of the cell assembly protocol anode
remains lower. Interestingly, the mean value of the anode resis-
tance decreased to (5.3 + 3.8) Qecm? for the individual anode
preparation while it slightly increased to (3.9 + 1.5) Qecm? for the
anodes prepared according to the cell assembly protocol. Never-
theless, more outliers with a much higher impedance contribu-
tion are observed for the individual anode preparation.

Overall, compressing the whole cell with 375 MPa leads to
a more reproducible cell resistance by controlling the anode
contribution, which is especially important for the performance
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Figure 4. Violin plots of anode contributions to the resistance of all cells
investigated in this study (Data File S1, Supporting Information) for which
the individual anode preparation or the cell assembly protocol (pressing
the whole cell at 375 MPa) was applied. Start and End refer to the begin-
ning and end of the electrochemical benchmarking protocol.
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at higher C-rates.”$1% When slightly increasing the separator
thickness to ~#700 pm (corresponding to 80 mg Li;PS;Cl) and
electronically isolating the cell during pressing, there is no risk
of short-circuiting the full cell based on our experience. Applying
a smaller pressure of ~#60 MPa to allow for diffusion before the
densification with 375 MPa did not have an impact (Figure S2,
Supporting Information).

As the final layer on the anode side, a 20 um thick stainless-
steel plate is placed on the lithium. The steel plate does not af-
fect the electrochemical measurements but offers two practical
advantages. It allows for the reuse of the anode-side steel rods
without the need for polishing, since the lithium adheres to the
steel plate instead of the rods. Additionally, it allows easy removal
of the cell pellet without breakage, which is beneficial for further
post-mortem analysis.

2.1.3. A Cell Assembly Protocol for Press Cells

Based on the aspects discussed so far, a detailed cell assembly
protocol for the laboratory press cells is defined. On the one
hand, this helps to improve reproducibility and comparability,
on the other hand, it offers guidelines and a reference system to
evaluate cell assemblies using different materials. As shown in
Figure 5, the cathode composites are first processed in a mini
vibrating mill with defined parameters. Depending on the em-
ployed materials and weight ratios, it is possible that different
parameters for the mini-vibrating mill are required to achieve re-
producible results. All cell components are filled in an in-house
built cell casing containing a PEEK inlet with an inner diameter
of 10 mm.[??! Polished steel rods are used as current collectors on
both electrodes. For the full cell, the first 80 mg of the SE separa-
tor (corresponding to a thickness of ~700 um) are filled in the cell
followed by hand pressing. A smooth surface without loose parti-
cles should be obtained on which 15 mg of the cathode composite
are homogeneously distributed with a flat spatula and again den-
sified via hand pressing. Afterward, indium foil (100 pm thick-
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ness, 9 mm diameter) and lithium foil (100 pm thickness, 6 mm
diameter), corresponding to an atomic ratio of n(In):n(Li) = 1.86,
are placed on the other side of the separator to form the anode,
followed by a 20 um thick stainless-steel plate. A schematic repre-
sentation of the cell in Figure 5 shows the proportions of the indi-
vidual components. After cell assembly, the full cell is uniaxially
pressed by maintaining 375 MPa for 3 min at room temperature.
Thereby, the current collectors need to be electronically isolated
to prevent a short circuit. For electrochemical testing, the cells
are fixed in a steel frame with four screw bolts of 12 mm diame-
ter. The screw nuts are tightened with a torque of 10 Nm which
corresponds to ~80 MPa stack pressure. Before electrochemical
testing in a climate chamber at 25 °C, the cells are left at open cir-
cuit voltage for at least 3 h during which the OCV reaches values
that depend on the type of CAM and SE in the cathode. In the
case of NCM and Li;PS;Cl, an OCV between 1.9 and 2.2 V vs.
In/Inli is typically observed. Following this cell assembly proto-
col, working solid-state press cells are achieved that demonstrate
sufficiently reproducible performances with capacity variations
below 5% in this study.

2.2. On the Importance of Quantifying the Mixing Quality of
Composite Cathodes

2.2.1. Quantifying CAM Utilization and Its Correlation with Cell
Performance

While the cell assembly protocol provides intra- and inter-batch
reproducibility, the low-rate specific capacities of the machine-
made composites are all lower than the theoretical capacity pro-
vided by the supplier and confirmed by measurement in a LIB
coin cell with liquid electrolyte (Figure S3, Supporting Informa-
tion). Also, even when considering the error due to weighing, the
large differences in calculated capacities for the cells with hand-
ground composites, for which identical materials were used, are
still unexplained.

As stated at the beginning, the microstructure of the compos-
ite has a considerable influence on the achievable capacity. In
SSB composite cathodes, it may happen that CAM particles are
not connected to a percolating ionic and/or electronic conduc-
tion network after mixing (3131 or that they disconnect during
cycling ***3] and thus are inactive during the (dis)charging pro-
cesses. Whether a CAM particle is electrochemically active or not
depends largely on the mixing process, which is not part of the in-
vestigation in most studies. Consequently, inadequate mixing of
the composite can easily result in data misinterpretation if the re-
sulting microstructure and its effects are not considered. There-
fore, a parameter must be identified that quantifies the mixing
quality and allows for a comparison between different cells.

As mentioned, usually, the whole mass of the CAM that was
weighed in during cell assembly is used for the calculation of
specific capacities according to Equation 1. We refer to this in the
following as gross specific capacity. As can be surmised from Sec-
tion 2.1.1, the assumption that all CAM particles are electrochem-
ically connected is overly simplistic and the CAM utilization, i.e.,
the active-to-gross mass ratio, should be considered when calcu-
lating specific capacities. Hence, we suggest distinguishing the
gross specific capacity from the active specific capacity, which is
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Figure 5. Cell assembly protocol that was established during this study. The success of cathode composite preparation strongly depends on the specific

materials, composition, and mixing process parameters.

the specific capacity of electronically and ionically connected, i.e.,
active CAM particles. The calculation of the active specific capac-
ity, for which the charge only refers to the active mass of CAM,
requires that the electrochemically active mass, i.e., the CAM uti-
lization, is quantitatively known.

The determination of the active mass in SSB cells was demon-
strated by Bartsch et al.l*®! using X-ray diffraction (XRD) mea-
surements, Rietveld refinement, and comparison with refer-
ence data. However, this approach is usually only possible ex
situ and not feasible as a standard approach for solid-state
cells. Conforto et al.*l employed an in situ electrochemical
method, which they called the OCP-relaxation method, for track-
ing the active mass loss during cycling. In the present study,
we employ this approach for in situ and on-the-fly quantifica-
tion of the initial electrochemically active mass and CAM uti-
lization, which can be related to the microstructure, i.e., the
mixing of the cathode composite. The procedure for measur-
ing the required quantities is described in the Experimental
Section.

The data was evaluated accordingly to calculate the CAM uti-
lization for the cells shown in Figures 2 and 3, and for additional
cells that were prepared with different mixing parameters, as de-
scribed in Section S1, Supporting Information. Figure 6 shows
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that the CAM utilization varies between 74 % and 95 % for the
composites all possessing the identical composition. This illus-
trates that the assumption that all CAM particles in the compos-
ite cathode are active is incorrect. Figure 6 depicts two correla-
tion plots in which the mean discharge capacities for each C-rate
are plotted against the CAM utilization of the respective cell —
as determined from OCP relaxation. Each cell contributes three
datapoints, one for each C-rate, to these correlation plots.

In Figure 6a, the gross specific discharge capacity is calcu-
lated with respect to the gross mass of CAM particles, iy o1
as usually done in the literature. The gross specific capaci-
ties show a strong positive correlation with the CAM utiliza-
tion, i.e., the higher the CAM utilization the higher the dis-
charge capacity. Thereby, the discharge capacities at 0.1C ex-
hibit the strongest correlation with a Pearson correlation co-
efficient (PCC) of r = 0.95 and a coefficient of determination
(COD) of R? = 0.90. At higher C-rates, the PCC remains high
but decreases to r = 0.89 and r = 0.73 for 0.3 and 1C, re-
spectively, while the COD is lowered to R? = 0.80 and R* =
0.53, respectively. These results are reasonable: at low C-rates,
here 0.1C, the available charge depends mainly on the amount
of NCM particles that are electrochemically connected, i.e., the
active particles. Thus, a simple linear regression is sufficient to
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Figure 6. Correlation between capacities and CAM utilization, with the specific capacity calculated a) with respect to the total mass of active material in
the cathode, Mcap 1o, and b) with respect to the actual electrochemically active mass, mcap act-
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Figure 7. a) Correlation between active specific discharge capacities, calculated with respect to the active mass, and the areal cell resistance extracted
from the impedance at 3.1V vs. In/InLi. b) Individual impedance contributions versus the CAM utilization.

describe 90 % of the variance in capacity at low C-rates (R* =
0.90). The correlation between CAM utilization and gross spe-
cific capacity is also verified for the last cycle measured at 0.1C
at the end of the benchmarking protocol (Figure S5, Supporting
Information).

The CAM utilization allows for the normalization of capacities
by calculating active specific capacities which are referred to the
active mass of CAM particles, mcyy .. (Figure 6b). At 0.1C, this
leads to very similar active specific capacities for all cells with a
mean value of (201.4 + 3.0) mAh g~! which is close to the capacity
obtained from the LIB cell (Figure S3, Supporting Information).
Incidentally, this proves that the OCP relaxation method is suited
to determine and compare the CAM utilization quantitatively be-
tween different cells. Since the same active material was used for
all cells in this study and the cells were cycled identically, also the
charge per active CAM particle, calculated via the OCP relaxation
method, should be the same and close to the theoretical capacity
of the material, as it is the case for the investigated cells. Differ-
ences in normalized active specific capacities between different
cells result mainly from error propagation in the capacity calcu-
lation (cf. Equation 2).

At higher C-rates, the linear model using the CAM utilization
as a single parameter can only explain ~50 % of the gross spe-
cific capacity variations measured at 1C (R* = 0.53, Figure 6a).
Consequently, also the variations in the active specific capacities
(Figure 6b) become higher, resulting in mean discharge capaci-
ties of (184.2 + 4.9) mAh g~ at 0.3C and (151.5 + 9.5) mAh g~
at 1C. This is reasonable since kinetic limitations, i.e. by contri-
butions that lead to an increase in cell resistance and overpoten-
tial, become a more prominent factor at higher C-rates and are
not fully represented by the CAM utilization. On the one hand,
it needs to be considered that depending on the CAM utilization,
the active CAM particles experience different effective C-rates
than the nominal C-rate.l>* Atlower CAM utilization, this results
in a comparatively higher overpotential and thus a decrease in the
attainable capacity. Correspondingly, an increase of the PCC to
r=0.19 and r=0.27 for 0.3 and 1C, respectively, for the linear re-
gression of the datapoints of Figure 6b is observed (see Figure S6,

Adv. Energy Mater. 2025, 2405405 2405405 (7 of 13)

Supporting Information). On the other hand, the kinetic limita-
tions in the composite cathode can originate from the transport
pathways within its microstructure.

As discussed in previous experimental works and simula-
tions, the cathode microstructure has a strong influence on lim-
iting cell kinetics.>>>%! For example, the effective electronic and
ionic conductivities are reduced by the tortuosity of the respec-
tive pathways in the composite cathode, which increases the cell
resistance.[2#253042] The determination of partial conductivities
requires symmetric cell setups,/**°7] three-electrode cells,*®! or
transmission line models (TLMs),**#143] which was not possi-
ble in this study. The used measurement device sets an upper-
frequency limit for the measurement, preventing a suitable fit
with a TLM. Nevertheless, we evaluated the cell resistance via
electrochemical impedance spectroscopy and fitted the spectra
recorded at 3.1 V vs. In/InLi with an R-(RQ)-(RQ)-P equivalent
circuit, for simplicity interpreted as a separator-, cathode- and
anode-related impedances (Figure S7, Supporting Information),
as it is often done in literature.'¢22415%] In Figure 7a, the active
specific discharge capacities for each C-rate are plotted versus the
areal cell resistance. It is reasonable to include solely the active
CAM in this analysis since only these particles take part in dis-
charging and are susceptible to kinetic effects. In this case, we
find a negative correlation, i.e., the capacity decreases with in-
creasing resistance, as expected. While the correlation is gener-
ally lower than for the CAM utilization in Figure 6a, it grows
with increasing C-rate (r = —0.17 at 0.1C and r = —0.48 at 1C).
The same trend is observed when the gross specific capacities
are used, but the coefficients of correlation and determination at
higher C-rates are lower (Figure S8, Supporting Information).

In addition to the capacities, we expect that the CAM utiliza-
tion also influences the cathode-related impedance. For a sample
that comprises a substantial fraction of electrochemically inactive
particles, the effective interface area (= active CAM/SE contact
area) is reduced, which should result in elevated cell resistance.
To scrutinize this, the separator, cathode, and anode-associated
contributions from the impedance are plotted versus the CAM
utilization in Figure 7b. As expected, the CAM utilization
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influences neither the separator (R* = 0.02) nor the anode re-
sistance (R? = 0.01), i.e., no correlation is found. The linear re-
gression for the cathode resistance yields a slightly higher PCC
of r = —0.17. However, this value is too low for a correlation,
particularly given that the COD is almost zero. We believe that
the primary reason for the lack of a substantial observable cor-
relation between cathode resistance and CAM utilization is due
to the impedance measurement and corresponding fit. Since the
data was fitted with the simplified equivalent circuit R-(RQ)-(RQ)-
P, all contributions in the composite are only represented by one
(RQ)-element, i.e., by single capacitance and resistance values. As
a result, resistance contributions from the active surface area and
transport pathways cannot be distinguished. Furthermore, the di-
rect proportionality between the effective interface area and the
CAM utilization is probably an oversimplification and not valid
in a real microstructure. As we will discuss later, a particle can
still be considered active after a partial contact loss. At the same
time, the corresponding interface area with the solid electrolyte
changes, which leads to an increase in resistance. This means
that there is no direct connection between the CAM utilization
and the microscopic active interface area.

Overall, the cell performance is strongly affected by the mixing
process, during which the actual fraction of electrochemically ac-
tive mass is defined. This leads to significant variations in the
measured gross specific capacities for nominally identical cells.
Quantifying the active mass and CAM utilization enables the cal-
culation of active specific capacities, which can compensate for
differences in the mixing process. This approach is particularly
effective at low C-rates, while at higher C-rates, additional kinetic
effects, not fully captured by the CAM utilization as a single pa-
rameter, come into play.

2.2.2. The Role of Electrode Design for the Mixing Process and
Performance

Successful and reproducible mixing leading to a functional mi-
crostructure requires not only a suitable process but also a good
electrode design of the composite. The electrode design com-
prises aspects such as appropriate mass ratios of the electronic
and ionic conducting phases, matching particle sizes, and mor-
phologies which all must enable the formation of well percolating
networks. For instance, if the amount of SE is chosen too high
compared to the electron-conducting phases, no mixing process
can build up a microstructure with a well-percolating electronic
network and high effective electronic conductivity. This will not
only affect the active mass but also the kinetics of the cell. In the
following, we illustrate that a poor electrode design impedes a
successful mixing process and has a detrimental impact on the
kinetic cell performance and reproducibility.

To this end, an identical machine-made composite preparation
and cell assembly was carried out using a different product batch
of conductive additive (type 2), nominally also carbon nanofibers
(CNF). However, the two CNF types possess different morpholo-
gies and presumably different dispersing behavior during the
composite mixing. While the previously used CNF (type 1) con-
sists of intact fibers, the microstructure of the CNF type 2 is domi-
nated by spherical and agglomerated entities and fibers appear to
be disrupted (cf. Figure S9, Supporting Information). The gross
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Figure 8. Active specific capacities, calculated with respect to the actual
electrochemically active mass, versus CAM utilization for the composites
using a different conductive additive (poor electrode design). The shaded
areas indicate the mean values and standard deviations (normal range) of
capacity variation depicted in Figure 6b.

specific capacities of ten cells using CNF type 2 are depicted in
Figure 8 together with the ranges of active specific capacities ob-
served before (cf. Figure 6b). The CAM utilization for the cells
with CNF type 2 is lower than observed with CNF type 1 (75.6 %
versus 89.8 % on average). Further, the active specific capacities
are significantly reduced by up to 40% at 0.1C and up to 90% at 1C
compared to the typical ranges achieved with composites using
CNF type 1. Based on the impedance evaluation and differential
capacity plots (Figures S10 and S11, Supporting Information), we
attribute this weaker performance to a severe kinetic limitation
due to the different types of CNF. This leads to significant over-
potentials even at 0.1C and thus also the corresponding active
specific capacities are lowered. We assume that the CNF type 2 is
unable to provide a fine electronically percolating network, which
in turn results in a poor electrode design and cell performance
with large variations (Figure S12, Supporting Information). At
this point, it should be noted that the CAM utilization is a static
property and only differentiates between connected and uncon-
nected CAM particles. This parameter does not contain any in-
formation on the quality of the connection which is affected by
the electrode design.

We further observed that increasing the CAM mass fraction to
80 wt%, while keeping the same CNF type 2, leads to an improve-
ment of the electrochemical properties. The resistances (Figures
S10 and S11, Supporting Information) and capacities (Figures
S12 and S13, Supporting Information) of the cells come closer
to the normal cells with a good electrode design. In this case,
we assume that there are already enough electronic pathways
because of the higher volume fraction of electronically conduct-
ing CAM particles so that the CNF has a less drastic influence
on the performance. For the composition of 70:30:1 weight ratio
(CAM:SE:CNF) this is not the case and a functional carbon addi-
tive is needed to provide an electronically percolating network.

These results stress the importance of the electrode design,
which includes the composition as well as the quality of the em-
ployed materials for a successful mixing process and good cell
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performance. The presented simple method of evaluating the ac-
tive mass helps to judge the optimum material choice better by
revealing severe kinetic limitations. If the normalized active spe-
cific capacities at low C-rates strongly deviate from the theoretical
specific capacity, it is a clear indication of significant kinetic lim-
itations, e.g. due to the electrode design.

2.2.3. Assessing the Degree of Mixing to Prevent Data
Misinterpretation

In SSB composite cathodes, the achievable capacities strongly
depend on the cathode composite microstructure, which, as dis-
cussed in the previous sections, is a result of both the electrode
design and the composite mixing. To evaluate the mixing quality,
we can distinguish two degrees of mixing:

The primary degree of mixing quality describes how many parti-
cles are actually electrochemically active and is quantified by the
CAM utilization as a single parameter. Clearly, this static property
defines the achievable capacities at all C-rates by setting the upper
limit that can be reached. This limit depends on the electrode de-
sign and the success of the mixing process. Another aspect that
comes into play at this point is protective CAM coatings. Such
coatings are typically electronic insulators () and, depending on
the coating process, the coating layer might get too thick so that
the particles are electronically isolated. This lowers the CAM uti-
lization even further but cannot directly be related to the mixing
process itself.

The secondary degree of mixing is a measure of how tortuous
the transport pathways are which can be quantified by effective
conductivities.l**] Here, a good mixing, i.e., a microstructure with
low tortuosity, leads to better kinetics, which is especially benefi-
cial at elevated C-rates. However, kinetics are not only microstruc-
ture and electrode design dependent but are also affected by inter-
facial effects such as coating layers, degradation, and poor charge
transfer kinetics.

It often remains unclear to which extent a measured gross spe-
cific capacity is affected by static or kinetic properties. For low C-
rates, it was shown that the corresponding capacities can be nor-
malized, under the condition of a good electrode design, via the
electrochemically active mass to calculate the active specific ca-
pacity. However, a more accurate normalization method to com-
pensate for microstructural effects at higher C-rates still needs to
be developed. A first step toward better comparability is to display
rate capability data with respect to effective C-rates in addition to
nominal C-rates.> In general, absolute specific capacity values
measured at higher C-rates might be misleading since the sec-
ondary degree of mixing becomes more important.

These considerations on the mixing are highly important for
the correct data interpretation in different types of studies. To il-
lustrate why, we propose the following thought experiment: The
objective is to conduct a comparative analysis of various SEs and
evaluate their performance in a composite cathode comprising
the same CAM, same processing, and same composition. The
cells are cycled at varying C-rates, and the resulting capacities are
evaluated. Remarkable discrepancies between the measured ab-
solute capacities, i.e., gross specific capacities, for different SEs
are observed. If we now argue that the SE which leads to the
highest specific capacity is ‘superior’ to the others, we might mis-
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Figure 9. Factors influencing the measurable capacity of solid-state cells.
The CAM utilization significantly affects the capacities and needs to be
differentiated from other contributions.

interpret the data. As clearly shown in this study, differences in
measured capacities cannot be solely attributed to the SE proper-
ties under investigation, such as interfacial degradation, but also
depend substantially on the microstructure. The latter is signif-
icantly affected by the mixing process as well as the electrode
design, the properties of the SEs, and their compatibility with
the CAM. For the SE, particularly the mean and width of par-
ticle size distribution, particle adhesion forces, and mechanical
characteristics influence the quality of mixing and the resulting
microstructure. If knowledge of the microstructure, its homo-
geneity, and the fraction of residual pores is not available, it is
not possible to draw well-founded conclusions regarding the per-
formance of the tested SEs. Thus, it remains unclear whether the
observed differences in performance originate mainly from the
SE itself, for instance, due to varying interfacial degradation, or
from the microstructure/mixing, for example, due to particle size
issues. A first countermeasure toward more reliable and compa-
rable data would be to determine the active specific capacities by
quantifying the CAM utilization and taking these normalized ca-
pacities as a reference.

2.2.4. Pitfalls and Challenges for the Interpretation of Specific
Capacities

Figure 9 gives an overview of possible factors that contribute to
a reduced measured (gross) specific capacity and need to be con-
sidered when evaluating the performance of solid-state cells. In
general, the capacity losses, compared to the theoretical specific
capacity, can be divided into two groups: (static) active mass loss
and kinetic loss.

The contributions to active mass loss can be quantified and
distinguished in situ and define the measurable static specific
capacity. On the one hand, initial static active mass loss occurs
due to insufficient mixing, which is easily disregarded but can-
not be neglected as intensively discussed in this work. Further-
more, poor electrode design leads to an active mass loss since
a successful composite mixing requires that the components in
principle allow the formation of percolating electronic and ionic
networks. Hence, the mass and size ratios of CAM and SE as
well as the types and amounts of conductive additives need to
be individually adapted to each material system. Also, too high
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porosities must be avoided by sufficient densification and com-
patible mechanical properties of the particles. We recommend
quantifying the initial CAM utilization after a formation cycle
at the outset of the electrochemical testing, as presented in this
study, to ensure an accurate calculation of the active specific
capacities.

On the other hand, solid-state cells are prone to contact loss
and cracking, i.e., chemo-mechanical degradation, during cycling
because of the volumetric expansion and contraction of active
material particles.**6162] The quantification of active mass loss
due to contact loss during extended cycling has been demon-
strated in previous works.3%4*43] Hereby, we differentiate be-
tween i) complete loss of electronic contact, which results in an
inactive CAM particle, and ii) complete loss of ionic contact to
the SE, which still allows Li-ions to diffuse into connected CAM
particles. Moreover, chemo-mechanical degradation can result
in iii) partial ionic contact loss, which leads to less active inter-
facial area, and iv) partial electronic contact loss. In the latter
three cases, the CAM particles are considered as statically ac-
tive, but their charge contribution is kinetically limited. It has
already been shown that their impact on the kinetic losses can be
quantified.[#041:59]

Additionally, kinetic losses have a further microstructural and
interfacial degradation component. The microstructure, which is
a result of the mixing process and electrode design, defines the
effective electronic and ionic conductivities by the tortuosity of
the transport pathways. The quantification of their contribution
to the resistance and thus kinetic capacity loss requires additional
experiments as extensively discussed in the literature.[2425424457]
Other types of interfacial degradation, e.g. due to oxidation of the
SE, lead to a further increase in resistance during cycling.[2021.60]
However, in practice, the differentiation between all kinetic con-
tributions is challenging, but necessary to discuss to which ex-
tent a good or poor C-rate performance stems from poor kinetics
due to the microstructure, i.e., tortuosity of transport pathways,
or due to other effects, such as interfacial degradation.

In evaluating and comparing the performance of cells, three
factors are of particular importance regarding the discussion of
specific capacities. First, it is essential to clearly indicate the type
of calculated specific capacity, namely, to which mass the charge
refers. Therefore, we propose to differentiate between the gross
specific capacity and the active specific capacity. Second, it is rec-
ommended to normalize specific capacities to the active mass, as
demonstrated in this study, to enable a more meaningful compar-
ison of the performance of different cells. Thirdly, it is reasonable
to indicate the effective C-rates, which depend on the active mass,
in addition to the nominal C-rates.

2.2.5. Challenges for the Mixing Process of Cathode Composites for
Solid-State Batteries

As intensively discussed, the performance and reproducibility
of SSB cells are strongly affected by the composite cathode’s
microstructure, which is defined during the mixing process.
Thereby, even small-scale devices such as the mini vibrating mill
used in this study pose a challenge for the mixing process be-
cause they allow the variation of many process parameters, such
as frequency, time, milling media, or filling level of the milling
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jar. All these parameters can have an influence on the perfor-
mance as well as on the reproducibility (see Section S1, Support-
ing Information) and a complete optimization of the mixing pro-
cess would require a time-consuming parameter study. Further-
more, it should be noted that optimized mixing parameters for
one material combination are not necessarily suitable for other
materials or cathode compositions. This is why we believe that a
fully optimized lab-scale mixing process, aimed at achieving the
highest performance, is not always necessary. Rather the perfor-
mance reproducibility by a stable mixing process and the consid-
eration of the microstructure for the interpretation are of greater
importance in many studies. For this purpose, the cathode com-
posite should be machine-mixed, e.g. in a planetary ball mill or
vibrating mill.

A further advantage of such lab-scale mixing devices is that
they can serve as useful model systems to simulate the mixing
action. These simulations have proven to be helpful tools in quan-
tifying for instance the stressing conditions such as stress in-
tensity distribution and stress number (%3] during different mix-
ing processes.3>+%] The corresponding simulations of lab-scale
devices provide a better understanding and control of the mix-
ing process, which is beneficial for the large-scale production
and commercialization of solid-state batteries. In this context,
further challenges, such as the incorporation of an electrically
insulating binder must be addressed [>333+60.67] Overall, using
machine-made cathode composites already at the lab scale not
only improves reproducibility but also potentially allows the ex-
traction of mixing parameters to bridge the gap to large-scale
mixers, facilitating the optimization of large-scale processing
of SSBs.

3. Conclusions

In this work, the intra-laboratory reproducibility of solid-state bat-
tery cells in the form of pelletized press cells is investigated.
To this end, commercial LiNijg,Mn,y,Co,,,0,, LigPS;Cl, and
CNFs are used in cathode composites, prepared by hand grind-
ing as well as in a mini vibrating mill, to identify possible er-
ror sources affecting the reproducibility and overall cell perfor-
mance. We propose a detailed cell assembly protocol based on
machine-made cathode composites that leads to comparable and
reproducible solid-state battery cells. Our study demonstrates
that significant differences in capacity result from different mix-
ing conditions, which lead to variations in the amount of elec-
trochemically active mass in the composite cathode. The corre-
sponding CAM utilization is shown to be easily electrochem-
ically quantifiable in situ, enabling the normalization of spe-
cific capacities to calculate active specific capacities. This pro-
posed approach, readily adaptable to most electrochemical test-
ing protocols, helps to avoid misinterpretation of capacity data.
As a result, significant differences in electrochemical perfor-
mance can now be attributed primarily to the materials or in-
terface modifications being studied, rather than to inhomoge-
neous mixing. In this context, we illustrate how quantifying the
CAM utilization at the beginning of electrochemical cycling ex-
periments allows for a clearer distinction between static and dy-
namic capacity losses, highlighting its significance when com-
paring different cell performances. Furthermore, we encourage
using machine-made cathode composites, if possible, as they also
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facilitate the acceleration of large-scale processing optimization
for SSBs.

4. Experimental Section

Materials and Solid-State Cell Assembly: Single-crystalline NCM82
(LiNig.5sMng 07C0 1105, With dyo/dso/dgy = 1.7/3.3/6.1 um, from MSE
Supplies, Tucson, AZ, USA), LigPSsCl (Argyrodite-CSMP with d1q/dso/dgg
= 0.44/0.79/1.82 pum, from Posco JK Solid Solution, South Korea,) and
carbon nanofiber (batch “type 1” with product number 719781 or “type 2”
with product number 719811 from Sigma-Aldrich, Saint Louis, MO, USA)
was used for the cathode composite with 70:30:1 weight ratio. The com-
posites were either mixed with mortar and pestle or machine-made in a
mini vibrating mill (Pulverisette 23 from Fritsch GmbH, Idar-Oberstein,
Germany). The parameters for the machine-made mixing process are
available in Zenodo at 10.5281/zenodo.14065128. The separator layer con-
sisted of LigPSsCl (Argyrodite-CMPS5 from Posco JK Solid Solution, South
Korea). As anode, an indium foil (Alfa Aesar, 99.99%, 9 mm diameter,
100 um thickness) and a lithium foil (China Energy Lithium, 6 mm diam-
eter, 100 um thickness) were used. All materials were stored and handled
in an argon-filled glovebox to maintain their integrity, with oxygen residues
of p(O,)/p < 1.0 ppm and water residues of p(H,0)/p < 1.0 ppm. During
this study, no cell was built that was not working at all.

LIB Electrode Preparation: Electrodes were prepared by mixing nickel
cobalt manganese oxide (LiNigg,Mng;Coq 170, from MSE Supplies),
N-methyl-2-pyrrolidone (NMP from Sigma—Aldrich Co.), SuperP carbon
(MSE Supplies), and polyvinylidene fluoride (PVDF from MSE Supplies)
in a weight ratio of 96:2:2 for the solid components, with a total solid con-
tent of 55%. The mixing was performed under argon using a planetary
mixer at 2000 rpm for 20 min.

The resulting slurry was cast onto aluminum foil at a rate of 5 mm s~
using a doctor blade with a gap of 120 um. The foil was heated to 60 °C
during the casting. After casting, the cathode sheet was dried under a vac-
uum at 120 °C for 12 h. The dried electrode was then punched into 12 mm
diameter disks and uniaxially compressed with 203 MPa to ensure uniform
density. The electrode loading was ~10 mg cm~2.

LIB Coin Cell Assembly: A general guide for making coin cells can be
found elsewhere.[68:69] CR2032 coin cells were assembled using Al-coated
cathode cases (MTI Corporation) to prevent degradation of the stainless
steel at high potentials. For the anode cases, stainless steel casings were
used. In the anode case, a stainless steel spring and stainless steel spacer
(16 mm diameter, 100 um thick) were placed. On top of the spacer a
lithium metal chip (MSE Supplies), cleaned by mechanically removing the
passivation layer, with a diameter of 14 mm and a thickness of 600 um was
placed. The separator stack consisted of one glass fiber separator (16 mm
diameter, GF/D — Whatman) facing the anode and one Celgard separa-
tor (16 mm diameter, Celgard) facing the cathode. A total of 70 uL of LP40
electrolyte solution (1 m LiPFg in 50:50 v/v ethylene carbonate (EC) and di-
ethyl carbonate (DEC), Sigma—Aldrich Co.) was added. The coin cells were
sealed using a coin cell crimping press (MTI Corporation) with a force of
0.9 tons. Figure S2 (Supporting Information) depicts the capacity values
obtained for a liquid cell at 0.1/0.3/1C.

Electrochemical Measurements: The electrochemical measurements
were performed at 25 °C with a BCS-805 Battery Cycling System (Bio-
Logic, Seyssinet-Pariset, France). The currents for the galvanostatic cy-
cling were calculated based on a CAM capacity of 190 mAh g='. The
impedance was measured at room temperature with an amplitude of 10
mV. The fitting was done using a serial connection of one resistor, two
(R) (Q) elements, and one constant phase element, i.e., R-(R) (Q)-(R) (Q)-
P, as equivalent circuit schematically drawn in Figure S7 (Supporting In-
formation). The three resistance values are associated with separator,
cathode, and anode contributions. The impedance spectra were fitted us-
ing the RelaxIS 3 software package (rhd Instruments, Darmstadt, Ger-
many). Each impedance spectrum was tested for stationarity using the
Kramers-Kroning test.

Active Mass Determination: For the active mass determination
(adapted from[“°l) during the benchmarking program, each SSB cell was

1
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charged with 0.1C to 3.1V, held at that potential for 3 h followed by 4 h of
relaxation to determine the potential V4. Then the cell was charged with
0.05C up to 3.4V followed by 4 h of relaxation to get the potential V,. The
values of the relaxed potentials for the solid-state cells can be found in
Data File S1, Supporting Information. As a quasi-OCP (titration) curve of
the CAM, the second charge of a liquid electrolyte cell at 0.02C was taken
as a reference (Figure S4, Supporting Information). The liquid cell data
was used to assign a reference capacity value g,,, to the potential range
determined by V; and V,. This value was compared with the measured
charge Qycasureq Of the solid-state cell, which can be extracted with the
analysis software. The actual electrochemically active mass, mcay act, Was
then calculated with:14043]

Qmeasured
Meamac = =~ == ©)]
actua

The CAM utilization described the ratio between mcay ,t, and the total
mass of active material that was in the cathode, mcap tor- While the refer-
ence coin cell was not fully optimized and could potentially be improved
further, a quantitative comparison among the different SSB cells was pos-
sible and valid since all cell data were referred to the same liquid reference
cell.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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6 When Mixing makes Coatings

The scalable creation of tailored cathode composite microstructures via mixing was largely
unexplored at the beginning of this thesis project in January 2022. While theoretical

studies suggest ideal PSDs or microstructures?’!>!

, realizing them in a scalable manner
remained difficult. Especially employing small CAM particles of a few micrometers or less
is demanding since it requires SE particles of even smaller sizes, which is challenging for
the comminution and de-agglomeration process of the SE.3240 Mixing cathode composites
in ball mills, as for instance done in Publication I and II, often results in a rather random
arrangement of particles.!® This raised the question of whether such a "simple" mixing

is suitable to create high-performance cathode composites and which alternative scalable

approaches are promising.

6.1. Publication lll: Mechanofusion-derived cathode composite
microstructures with scalable mixed conducting matrix coatings

for solid state batteries

In this systematic study, a scalable high-intensity ringlayer mixer was used to mix single-
crystalline NCM82 with the halide SE LizInClg (LIC). LIC has the advantage that it can be
synthesized via a simple water-based route and needs to be considered as a model catholyte.
A key finding was that the process did not lead to simple mixing but to coating of the
NCM particles with LIC, blurring the boundary between “mixing” and “coating”. This
approach, based on mechanofusion, was exploited to produce tailored microstructures in
the form of a mixed conducting matrix coating. Incorporating CB as an electron-conducting
additive enabled the mixed conducting property of the coating. The influence of CB content
in the coating was systematically investigated, revealing a trade-off between high CAM
utilization, fast cell kinetics, and mechanical stability. In this work, the tools and framework

of Publications I and II were successfully applied.
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The mixed conducting matrix coating can be regarded as a promising design concept that
moves from "random" mixing to a functional engineering of microstructures. Moreover, the
approach is scalable and easily adaptable to other material systems, especially to SEs with
higher conductivity than LIC, to produce high-performance composite cathodes for SSBs.

This study stresses the importance of the mixing process optimization for high-
performance composite cathodes. By linking simulation-based process understanding with
morphological and electrochemical analysis, we identify design parameters for efficient
mixed-conducting matrices. In addition to the matrix coating, it was also demonstrated
that thin covering SE coatings can be achieved with this process, making it attractive for

dry-processed protective SE coatings.

The study was designed by M. Kissel and F. Frankenberg under the supervision of
J. Janek and A. Kwade. M. Kissel and F. Frankenberg share the first authorship as they
contributed equally to this work. F. Frankenberg prepared the samples with the help of
N. Laser. T. Demuth carried out the TEM-EDX investigations. D. Wagner analyzed the
XRD data. M. Kissel performed the SEM-EDX and XPS measurements and subsequent
evaluation. The electrochemical cells were built by A. Lai under the supervision of M.
Kissel, who analyzed all electrochemical data. F. Frankenberg carried out the porosity and
nanoindentation measurements as well as took care of the DEM simulations. The manuscript
was written by M. Kissel and F. Frankenberg and edited by all co-authors.

Reproduced from: Maximilian Kissel, Finn Frankenberg, Thomas Demuth, Anton Lai,
Niklas Laser, Daniel Wagner, Ahmed Eisa, Peter Michalowski, Kerstin Volz, Arno Kwade,
Jiirgen Janek. Mechanofusion-derived cathode composite microstructures with scalable
mixed conducting matrix coatings for solid state batteries. Nat Commun, 2026, 17, 3215, DOL:
10.1038/s41467-026-71305-2, licensed under CC BY 4.0.
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The successful implementation of solid state batteries not only requires the
use of high-capacity anodes, but also high-performance composite cathodes.
However, the production of solid state battery cathode composites with
optimized microstructures remains a significant challenge, especially for large-
scale fabrication. Here, we present a scalable high-intensity dry mixing process
to create tailored functional coatings on single-crystalline

LiNip.82Mng 07C00.1:0, via mechanofusion. We investigate the coating of
LiNip.82Mng 07C00.110, with the malleable halide solid electrolyte LizInClg
under various process conditions, linking process parameters obtained from
discrete element method simulations with experimentally accessible mor-
phological properties to offer guidelines for further optimization. In this way
nanometer-thin covering coatings as well as thick matrix coatings are suc-
cessfully produced. Incorporating carbon black into the thick matrix coating
results in well-performing mixed conducting matrices that can be used directly
as composite cathodes without further treatment. The compositions investi-
gated enable stable cycling with a specific capacity of up to

Gcomp =100 mAh g™ (based on the total mass of the composite cathode) at a
C-rate of 1C (60 min). While higher carbon black content is observed to
improve CAM utilization, excessive amounts are detrimental for cell kinetics
and chemo-mechanics, emphasizing the importance of the cathode mixing
process and composition on overall cell performance.

Solid state batteries (SSBs) have emerged as a promising next- implementation of high-energy anode (negative electrode) con-
generation energy storage technology, aiming to overcome the cepts such as lithium metal anodes®, “anode-free” configurations®,
safety and energy density limitations of conventional lithium-ion or Si-based anodes’. To match these expected high-performance
batteries (LIBs) that rely on liquid electrolytes (LEs)"” Replacing anodes, equally high-performing cathodes (positive electrode) are
the LE with a solid electrolyte (SE) is expected to enable the required®®.
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SSB cathodes are usually designed as composites of SE, cathode
active material (CAM), and additive particles. Towards large-scale
commercialization of SSBs, various challenges persist, starting at
the material level’. Here, research focuses on the one hand on
developing advanced SEs with enhanced ionic conductivities®",
broader electrochemical stability windows”, or beneficial
mechanical properties™ and on the other hand scaling and sustain-
able SE production processes™'°. Moreover, to mitigate degradation
effects at the CAM|SE interface, the use of protective CAM coatings
is required”. As CAM, Ni-rich layered oxides”*' are widely used
with preference for materials that show beneficial chemo-
mechanical properties, i.e., low volume expansion”** and low ten-
dency for cracking®**—as seen in single crystals, which showed
improved long-term cycling performance’°,

Not only the materials in the cathode but especially their
arrangement, i.e. the composite microstructure, is crucial for the
performance’” . The microstructure needs to fulfill three main
tasks: First, the CAM particles need to be electronically and ionically
connected, i.e., electrochemically active, leading to a high CAM
utilization within a percolating network. As recently highlighted by
Kissel et al.**, achieving a complete static CAM utilization is not self-
evident in SSBs. Second, the electronic and ionic networks should
possess high effective conductivities for an improved kinetic cell
performance® ™, Lastly, intimate and mechanically as well as
(electro)chemically stable solid-solid contacts between the CAM
and the SE are crucial to enable fast charge transfer at the interface,
while also accommodating the volume expansion of the CAM during
charging and discharging*°.

The final SSB cathode microstructure is largely defined during the
particle mixing process, since, in contrast to LIBs, SSBs usually do not
allow infiltration of the cathode with an electrolyte post-assembly.
However, despite its importance and challenges toward large-scale
implementation**, the actual mixing process has received relatively
little attention up to now***’. In academic studies, hand mortaring is
common, although this is non-scalable and suffers from reproduci-
bility issues®**%. On the other hand, machine-made composites are
becoming more prevalent in recent studies******°, Further processing-
related approaches have focused on comminuting SE particles before
mixing to achieve a tailored particle size distribution (PSD)***'~**, While
this is crucial to match the CAM PSD’”***? it involves additional pro-
cessing steps that can damage the SEs by solvents™ or by the milling
itself***, Other approaches are based on solution processes to apply
SE coatings on active materials or to infiltrate porous electrodes®”*. In
general, only a few studies explore scalable composite mixing
machines for SSB cathode composites, and in most cases, the corre-
sponding mixing process leads to a more or less “random” ordering of
particles”***7,

Recently, employing a combined modeling and experimental
approach, Lee et al.*” introduced the concept of building blocks
towards an ideal cathode composite microstructure. Building blocks
describe the fundamental units of a composite’s microstructure in the
form of tailored particle aggregates. By engineering these building
blocks, the overall microstructure and thus the resulting material
properties can be precisely controlled. Lee et al.** highlighted the
importance of shear forces, which increase the electrolyte-covered
surface area of the active materials. Kawaguchi et al.*>' and Hayakawa
et al.>* investigated the idea of coating low- and medium-nickel
Li,Ni,Co,Mny_, .0, (NCM) particles with SE in a high-intensity mixer.
Kim et al.*” utilized mechanofusion as a preprocessing step to ensure
intimate interfacial contact by coating NCM with LigPSsCl (LPSCI). This
allowed a high CAM loading in the cathode and led to higher specific
capacities. However, sole coating with SE is not sufficient since it
impedes electron transfer, which would only be possible via CAM-CAM
particle contacts after deforming parts of the SE coating layer during
densification. To overcome this limitation, the authors added carbon

additives to their SE-coated CAM and had to manually mortar the
composite once again®.

Inspired by these recent works, we systematically investigate a
dry particle coating approach, based on mechanofusion, in this
study to create tailored building blocks for SSB composite cathode
microstructures. Going beyond the idea of simple mixing of loose
particles and arbitrary (re-)ordering, we employ a scalable high-
intensity mixing process to create a defined mixed conducting
matrix coating via mechanofusion on single-crystalline Ni-rich
LiNig 82Mng 07C00.1:0, (NCM82) without any hand mortaring being
involved. In this bottom-up approach, which can also be used to
produce protective CAM coatings, we make use of the good
deformability of the halide SE LizInCls (LIC) as a model catholyte.
We investigate the effect of composition and process parameters
on the morphology of the coating, coating progress, and possible
degradation of the materials, combining scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
(scanning) transmission electron microscopy ((S)TEM), and X-ray
photoelectron spectroscopy (XPS). We link experimental results
with stressing conditions obtained from discrete element method
(DEM) process simulations to describe the coating process on the
macroscale. In this way, we establish a basis for future optimization
of the mixing process of composite cathodes. We demonstrate that
the presented mechanofusion process is suitable to produce thin
covering coatings as well as thick matrix coatings. By adding car-
bon black (CB) into the matrix, the coatings become mixed con-
ducting and are further electrochemically analyzed in detail. Our
results show that the mixed conducting matrix coating design
approach via mechanofusion is promising as a versatile and scal-
able production method for SSB composites, while still offering
significant potential for further optimization.

Results

Figure 1illustrates the concept of the mixed conducting matrix coating
approach employed in this study. Cathode composites, comprising
three components with different PSDs, were fabricated using single-
crystalline NCM82, in the following denoted as NCM, with a median
particle size of dsp=3.3um as CAM, in-house prepared LIC (see
“Methods”) with particle sizes ranging from 100 nm to 100 um as SE
and CB (dsoaggregates =250 nm) as electron-conducting addi-
tive (Fig. 1a).

The particles were mixed in a scalable and commercially available
high-intensity mixer (Fig. 1b), which provides high-shear forces within
the narrow gap*, enabling mechanofusion®****“, During this process,
the NCM particles act as host particles that are coated with guest
particles (here: LIC or premix of LIC and CB, see Table 1 and “Meth-
ods”), forming core-shell type heteroaggregates as depicted in Fig. 1c.
These aggregates are hereafter referred to as building blocks, follow-
ing the concept introduced by Lee et al.*” and are denoted by their
composition as NCM:LIC:CB (w/w/w). Process parameters that can be
varied during the high-intensity mixing are the rotational speed n, the
mixing time ¢, and the filling degree ¢. By adjusting these para-
meters, the properties of the building blocks in this bottom-up
approach, and thus the overall microstructure of the cathode com-
posite (Fig. 1d), can be significantly influenced. Towards scalable
cathode composite production, all mixtures in this work were pre-
pared in a dry room with a dew point of the supply air of -60 °C
without any manual hand mortaring being involved. All mixtures were
prepared with a batch size of approximately 20 g, corresponding to a
filling degree of 10%. In total, three main investigations (cf.
Tables 1 and S1) were conducted and are discussed in the following.

First, the coating thickness of the building blocks was varied by
systematically adjusting the ratio of SE (and CB) to NCM, while main-
taining constant process time and rotational speed. Secondly, the
influence of stress intensity or shear stress, as well as collision number,
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Fig. 1| Concept of the mixed conducting matrix coating approach. a Starting
materials with different particle size distributions are b mixed in a high-intensity
mixer with varying rotational speed n, mixing times ¢,,;,, compositions, and
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AL
“Bottom-up” designed microstructure

constant filling degree ¢, leading to mechanofusion. ¢ NCM host particles are
coated with an electron and ion conducting matrix, forming building blocks that
build up an ordered composite cathode microstructure (d).

Table 1| Overview of samples for the different investigations presented in this study

Type of investigation Investigated parameters

Nominal compositions (NCM:LIC:CB,
w/w/w)

Constant parameters

Coating thickness variation (with- ~ Coating content variation: 1-20 wt%

out CB)

-Mixing NCM +LIC: 60 min at
10,000 rpm
-Filling degree: 10%

Coating thickness variation Coating content variation: 1-20 wt%

-Fixed CB-LIC ratio (20 vol%)

(with CB) -Premixing CB +LIC: 10 min at
5000 rpm
-Mixing Premix + NCM: 60 min at 90:10:1.5
10,000 rpm 80:20:3
-Filling degree: 10%
Process parameter variation -Mixing times: 5, 10, 30, 60 min -Premixing CB +LIC: 10 min at 95:5:0.8
-Rotational speeds: 1000, 2500, 5000, 5000 rpm 80:20:3
7500, 10,000 rpm -Filling degree: 10%
Matrix optimization CB content variation: 0-3 wt% -Premixing CB +LIC: 10 min at 80:20:0
5000 rpm 80:20:0.2
-Mixing Premix + NCM: 60 min at 80:20:0.5
10,000 rpm 80:20:1
-Filling degree: 10% 80:20:2
80:20:3

respectively, during mixing was investigated by varying the rotational
speed and mixing time for two specific compositions. Third, the mixed
conducting matrix coating with a weight ratio of 80:20:x (NCM:LIC:CB)
was optimized by altering the CB content x, aiming at achieving a
balance between electronic and ionic partial conductivity within the
building blocks.

Impact of composition on coating morphology

To investigate the effect of coating material content on the morphol-
ogy and homogeneity of the coating, different mixtures with coating
contents ranging from 1 to 20 wt% were processed at a rotational
speed of 10,000 rpm, corresponding to a tip speed of 40ms™, for
60 min. As guest particles during the mechanofusion process, pure LIC
as well as a LIC-CB mixture with a fixed CB:LIC ratio of 20 vol% CB was
used (cf. Table S1). Scanning electron microscopy (SEM) combined
with EDX was carried out to visualize the morphology of the coating
within the building blocks.

Figure 2a shows that a coating is achieved for all cases, indepen-
dent of the coating material content. For all EDX acquisitions, the same
parameters were used, so that differences in signal intensity can be
related to differences in the composition. As expected, the intensity of
the chlorine signal, stemming from the coating, decreases with
decreasing coating amount. The effect of the coating is further evi-
denced by the rounding of NCM particle edges, reflected in a
decreased aspect ratio and an increased circularity with rising coating
material content (Supplementary Fig. S1). This indicates that the
coating material fills recessed regions of the NCM particles, leading to
a varying thickness across the particle surface (Supplementary
Fig. Sle). Intergranular boundaries existing within aggregates of the
bare NCM disappear completely for high coating amounts, showing
that the coating material is covering these areas (Supplementary
Fig. S2). Especially at high coating material contents, an increase in
volume-based particle size Q; is observed, which is based on the
increase in coating thickness (Fig. 2b). However, the coating as such is
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Fig. 2 | Microstructure, PSD, and porosity depending on the coating amount.
a SEM images and EDX maps of four mixtures with decreasing coating amounts.
b Corresponding PSDs calculated from SEM images segmentation. ¢ Porosity of
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composite pellets measured at 3.45MPa. Error bars represent the standard devia-
tion of n=3 porosity measurements.

not the determining factor for this increase, since a theoretical max-
imum average coating thickness of approximately 150 nm is expected
(Supplementary Fig. S3). Rather, multiple agglomerated NCM particles
are surrounded by a coating layer, which means that one particle is
visible under the SEM and counted in the PSD calculation, but in fact
several NCM particles are encapsulated by the coating. Since encap-
sulation occurs only for some agglomerated NCM clusters, a pro-
nounced broadening of the PSD is observed with increasing coating
content. From the broadening of the PSD in combination with the
increasing amount of soft coating with increasing coating material
content, it can be supposed that the interparticle spaces can be better

filled and thus the building blocks can be better packed in the final
cathode composite microstructure. This improved packing is indeed
reflected in the measured bulk porosity of the cathode composites,
which decreases with increasing coating content (Fig. 2c). The porosity
of the composite mixtures containing CB is consistently slightly lower
than that of the composites without CB. We attribute this to the higher
volume fraction of compressible components in the formulations
containing CB, which increases from 31.4 to 35.6% for the 80:20 and
80:20:3 compositions, respectively. For the highest coating amount,
the porosity measured at a compaction pressure of 3.45MPa was
about 25%. This value corresponds approximately to the porosity of a
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Fig. 3 | TEM images and STEM-EDX maps of coated particles. a, b Matrix coating building block with composition 80:20:1. ¢, d Thin coating with composition of 99:1:0.

cubic closed packing of spheres. For a higher compaction pressure, we
expect more deformation of the coatings and thus a reduced porosity
of the composite cathode.

Transmission electron microscopy (TEM) images confirm a
homogenous coating layer, exemplarily depicted for a high and low
coating amount in Fig. 3. In dark-field imaging of a composition of
80:20:1, some crystals in the coating layer appear bright (Fig. 3a).
These bright regions are lattice planes of small crystals (cf. Supple-
mentary Fig. S4a) with random orientations towards the position of the
objective lens aperture. X-ray diffractograms (Supplementary Fig. S5)
confirm that the crystalline phase of the LIC is preserved, and the mass
ratios after Rietveld refinement (Supplementary Table S3) are in line
with the expected values, indicating that there is no significant amor-
phization happening. Corresponding STEM-EDX maps (Fig. 3b and
Supplementary Fig. S4b) reveal the presence of carbon in the
approximately 100 nm thick coating layer, indicating that the desired
mixed conducting matrix coating was achieved. In the case of the
99:1:0 composition, the coating is only approximately 5nm thick
(Fig. 3¢, d) and consistently observed along the entire particle surface
(Supplementary Fig. S6). Variations in signal intensity across the EDX
maps in Fig. 3b, d are attributed to differences in particle orientation
relative to the detector, which can influence the intensity of the
detected signal.

To further quantify the homogeneity and thickness of the coating,
XPS was carried out. Based on the signal intensities of the NCM and
coating elements, values for the coverage y of the building blocks were
calculated, which represent the signal intensity ratio of coating to NCM
(see “Methods” and ref. 66 for details). The coverage value describes
how strongly the signal of the NCM particle is shielded by the coating.
It depends on the thickness, the composition (with or without CB), the
morphology, and the homogeneity of the coating. A coverage value
close to 1indicates nearly complete surface coverage and the presence

of a relatively thick coating layer (cf. Fig. 4a), such that almost no
signals from the NCM are detected. This situation corresponds to
coating thicknesses of at least -10 nm, which is approximately the
information depth of XPS measurements. While the coverage value
itself does not provide information on the morphology or local
thickness distribution, it enables assessing whether a continuous
coating layer is formed across a broad range of process parameters.
For coatings expected to be thinner than -10 nm (cf. Supplementary
Fig. S3), the coverage value derived from XPS no longer reflects the
true surface coverage. In this case, even a perfectly covering coating
layer will never result in a coverage value of 1, since signals stemming
from the NCM can always be detected. Conversely, coatings that are
uniformly thicker than at least ~10 nm cannot be distinguished from
one another by this method, as all yield coverage values close to 1. As
displayed in Fig. 4b, the coverage increases with increasing coating
content, which we attribute to the rise in coating thickness. It is also
evident that the incorporation of CB in the coating, especially at low
coating thicknesses, leads to larger coverage values. Since the weight
ratios are kept constant, the coatings that also contain CB occupy a
larger volume due to the low (bulk) density of CB. Thus, the signals
of the NCM are more strongly shielded, yielding higher coverage
values than the CB-free counterparts. At a high coating content cor-
responding to the ratio 80:20:3, the maximum possible coverage value
of 1is reached, which indicates that the NCM particles are fully cov-
ered. This confirms the previously discussed SEM and STEM
measurements.

The results demonstrate that high-intensity mixing leading to
mechanofusion is a well-suited method for the dry production of core-
shell structures with various coating thicknesses. This is particularly
attractive for protective coatings employing soft SEs, a promising
concept that has recently gained attention to prevent interfacial
degradation in SSB cathode composites®> .
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Investigation of process-structure-relations

In the following, we focus on the 80:20:3 composition, which is
designed to serve as a matrix coating since it reaches the highest
degree of coverage. To investigate the coating progress as a function
of process conditions, the composition was produced at different
speeds and mixing times.

During high-intensity mixing, mechanical energy is transferred to
the particle system through the high relative velocities generated
between the rapidly rotating rotor and the surrounding particles. This
energy transfer is reflected in the specific energy input £,,, ¢, Whichis
significantly influenced by the rotational speed and mixing time. This
was estimated experimentally for the different coating experiments
from the measured power P, idle power Py, sample mass m,, and
mixing time ¢, (cf. Supplementary Fig. S7).

J(P—Py)dt
Mioal

E @

m,exp

To evaluate the coating progression, the coverage of the 80:20:3
composition is depicted in Fig. 5a as a function of the specific energy
input. At lower rotational speeds of 1000 rpm and 2500 rpm, coverage
increases with prolonged mixing time and thus specific energy input.
In contrast, at higher rotational speeds of n > 5000 rpm, a maximum
coverage of 97-100% (dashed gray region) is reached within just
5-10 min of mixing. Extending the mixing time up to 60 min, results in
only marginal changes in coverage values at these higher rotational
speeds. A similar trend is observed for a composition of 95:5:0.8 (cf.
Supplementary Fig. S8a).

As discussed, similar coverage levels do not necessarily
indicate comparable coating morphologies (cf. Fig. 4a). Porosity
measurements show a consistent decline in porosity of the
cathode composites with increasing specific energy input
(Fig. 5b). The reduction in porosity indicates that even when
coverage values reach a plateau, the morphology of the building
blocks can continue to evolve significantly with varying proces-
sing conditions. This is corroborated by SEM images as seen in
Fig. 5¢ for the samples processed at different rotational speeds
(see also Supplementary Fig. S9). At 1000 rpm, only an inhomo-
geneous and particulate deposition of CB and LIC on the NCM
particles can be seen, forming cluster-like agglomerates. More-
over, single LIC particles are visible, which have not taken part
in the coating process. At 5000 rpm, individual LIC and CB

particles remain discernible on the NCM surface, whereas at
10,000 rpm, the NCM particles are uniformly encapsulated by a
smooth coating layer. According to mechanofusion theory®® dif-
ferent coating structures can form at different rotational speeds,
ranging from loosely adhered particles to continuous shells. In
our case, continuous and smooth shells are observed at high
rotational speeds and long mixing times, while lower speeds and
reduced energy input tend to result in coatings consisting of
loosely adhered particles.

Overall, the coating morphology becomes smoother and less
particulate with increasing specific energy input and, at comparable
specific energy input, with increasing rotational speed and thus mixer
intensity. This leads to an increase in the circularity of the building
blocks, as shown for the rotational speeds of 1000 rpm, 5000 rpm and
10,000 rpm mixed for 60 min. Coverage metrics derived from XPS
analyses cannot fully resolve these morphological features, which
require complementary SEM analysis.

Linking DEM simulations and experiments

To enable a guided optimization of the mechanofusion process for
production of SSB cathode composites, we carried out DEM simulations
to simulate the stresses acting on the particles in the high-intensity
mixer. As elaborated in the “Methods” section and Supplementary
Note 3, a coarse-graining approach was applied to handle the extremely
high number of real particles. While this approach does not retain
information on the original coating progression, it allows for the
determination of the mixer’s overall stressing conditions. Calibration
tests have been carried out to determine the apparent properties of
the coarse-grained particles to mimic the original situation. To validate
the calibration procedure and calculated coarse-grain density of the
coarse-grained particles (Fig. 6b and Supplementary Fig. S1I0 and
Table S2), the mean specific power obtained from the experiments was
first compared with the specific power obtained from the DEM simu-
lation in the steady state. Both specific power data show a high degree
of agreement, confirming the successful calibration of the particle
properties.

In order to quantitatively describe the process and compare
process parameters, we applied the stressing model of Kwade®, which
uses the stress energy or stress intensity, respectively, and stress fre-
quency or stress number, respectively, as parameters to calculate the
specific energy input £, based on these model parameters. This allows
a quantitative comparison of various process conditions’®”". According
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Fig. 5| Effect of mixing intensity on particle morphology, surface coverage, and
porosity for a building block composition of 80:20:3. a Coverage y as a function
of specific energy input. b Porosity of composite pellets under 3.45 MPa prepared
from mixtures after 60 min, plotted against specific energy input. Error bars

represent the standard deviation of n=3 measurements. ¢ SEM images and EDX
maps of powders mixed at 1000, 5000, and 10,000 rpm for 60 min as well as the
obtained mean circularity of the different building blocks.

toEq. 2, E,, g is expressed as the product of the mean stress intensity
Sl of the particle collisions, corresponding to the mean dissipated
energy during coarse-grained particle collisions related to stressed
coarse-grain mass, and the mean stress number per particle SWP. The
SN, can be determined by the frequency of collisions of the coarse-
grain particles during mixing SF ¢ divided by the number of coarse-
grains, which is obtained from the ratio of the individua particle
mass Myanicie,cc O total mass my,,, and the mixing time ;.
Both parameters S/c and SN, should be approximately scale-invariant

(Supplementary Note 3) and are obtained from DEM simulations**”* to
calculate the simulation-based £, -

F _ Sleg - Myaricte, cc * SFec * tmix
m,sim

=Sl - SN, 2
Myoal ce P

In the following, the parameters S/ and SN, are used to describe
the mechanofusion process macroscopically. Both are individually
influenced by the rotational speed n and ¢, thus affecting the
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progression and morphology of the coating. Sl is highest near the
rotor tip and in the gap between the rotor tip and the mixer wall
(Fig. 6a), primarily governed by the rotational speed of the mixer for a
constant gap width. An approximate increase of Sl o n? can be
expected with increased rotational speed®, potentially influencing the
building block microstructure. In contrast, SWP depends on both the
rotational speed and ¢,,;.. Therefore, an equivalent energy input can be
achieved at lower SI; if compensated by a higher Wp through
extended mixing times, although this may result in a different coating
morphology.

To understand the individual influence of Si; and SN, stress
frequency-stress intensity curves were generated from the recorded
particle collisions and served as the basis for determining SN, and
Sl The coverage of the 80:20:3 mixtures was plotted against both
parameters (Fig. 6¢, d). Figure 6¢ shows that an increasing S/ gen-
erally leads to higher coverage values. Notably, at a S/ corresponding
to 5000 rpm (Sl =0.123) kg™), nearly complete coverage (>97%) is
achieved after only 5 min of mixing. Further increasing S/ beyond this

point results in only slight changes in coverage. However, significant
changes in coating morphology that occur at constant mixing time,
but varying stress intensities, as already shown in Fig. 5a (see also
Supplementary Fig. S9), become visible.

When the coverage is analyzed as a function of S_Np (Fig. 6d), it
becomes clear that there is no direct proportionality. An equivalent or
even higher SN, (region 1) does not achieve the same degree of cov-
erage but depends on the S/.;. This indicates that elevated S/
(region 2), associated with higher collision energies, is beneficial for
forming a uniform coating with higher coverages. Nevertheless, even
at lower S/ such as 0.006)Jkg? (1000rpm) and 0.033) kg™
(2500 rpm), the coverage gradually increases with S_N,, due to exten-
ded mixing times. However, to achieve more than 97% coverage with a
Sl equivalent to 2500 rpm and 1000 rpm, longer mixing times would
be required. Even then, the resulting coating morphology is likely to
differ significantly, as already observed at higher rotational speeds
(5000 rpm and 10,000 rpm), where 97% coverage was also achieved
(cf. Fig. 5¢c). From a process engineering and economic perspective,
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Fig. 7 | Structural damage probed with SPED-TEM. a TEM bright-field image of
coated NCM (80:20:3) with the red box indicating the area of the SPED scan. b SPED
phase map showing only the pristine layered phase and the coating layer. Black
points represent mostly amorphous regions or voids.

long mixing times are impractical. Therefore, a higher Sl is prefer-
able to ensure efficient coating formation within reasonable proces-
sing times.

To achieve both high coverage and improved homogeneity, the
highest ST investigated (10,000 rpm) appears to be the most effective
choice for the given material system and composition. However, at
these high collision energies, potential degradation effects should be
monitored, including, for instance, structural damage and strain in the
NCM particles as well as elemental interdiffusion at the NCM|coating
interface. Structural integrity was probed via scanning precession
electron diffraction (SPED) in the TEM. In the dark-field TEM shown in
Fig. 7a, the NCM particles appear dark, whereas the coating layer is
brighter with distinct bright spots. In the region marked with a red box,
a SPED phase map was recorded (Fig. 7b). Thereby, only the pristine
layered phase and the coating layer were detected with no evidence of
a rock salt-type phase in the NCM surface region, which would be
indicative of NCM degradation. This observation was further con-
firmed by manually inspecting the diffraction patterns at the interface,
which did not show any signs of degradation. Additional X-ray dif-
fraction (XRD) measurements and Rietveld refinement likewise
revealed no significant changes in lattice parameters or strain (Sup-
plementary Fig. S12 and Table S3). The chemical stability at the inter-
face was probed using STEM-EDX (Supplementary Fig. S13). The
element map (Supplementary Fig. S13a) shows the CB-LIC matrix
around the NCM particles. To check for elemental interdiffusion, a line
scan across the interface was evaluated (Supplementary Fig. S13b). Due
to the NCM surface being slightly slanted, the characteristic compo-
sitions of NCM and LIC overlap in a small interfacial region (Supple-
mentary Fig. S13c). However, no evidence of elemental diffusion
beyond this overlapping region of approximately 10-15 nm width was
detected. Based on these observations, we assume that the coating
process in the high-intensity mixer does not damage the NCM surface
region. Rather, the small single-crystalline particles appear to tolerate
the processing conditions. In addition, the softer LIC phase is expected
to exert a dampening effect.

It is important to note, however, that this may differ when
processing other material systems, such as larger polycrystalline CAM
particles or sulfide SEs™. Larger particles exhibit a higher defect
probability, typically, due to a lower particle strength than for aggre-
gates, according to Rumpf™, scales as o o dl—z, and for primary particles,
according to Tavares and King”, scales as 0 « -1, making fragmen-
tation more likely at similar stress intensities. To corroborate this, we
conducted a mixing experiment with larger polycrystalline NCM par-
ticles under the same high-stressing conditions applied in this study
(10,000 rpm for 60 min). The results show that, although most parti-
cles retained their overall structure, a few fragmented particles were
observed (Supplementary Fig. S14). Notably, these were consistently
among the largest particles, which supports both our considerations.
Moreover, applying a mill (e.g., planetary ball mill) for the composite

mixing can result in higher stress intensities and might also cause
material degradation of the single crystal NCM”"7°,

In these cases, DEM simulations could provide guidance for pro-
cess optimization, indicating that lower stress intensities, which might
be necessary to prevent chemical or structural degradation during
processing, can be compensated for by longer mixing times to achieve
similar coverages. For example, in the case of coating at 1000 rpm,
achieving a target coverage of approximately 97.5% would require
extending the mixing time by 200%, i.e., to a total of -3h. When
combined with further degradation studies, DEM simulations can help
identify suitable process parameters for different material systems and
mechanofusion processes.

Electrochemical performance of mixed conducting matrix
coatings

Based on the investigations discussed above, a maximum stress
intensity and maximum stress number, i.e., a rotational speed of
10,000 rpm and a mixing time of 60 min, were selected as fixed pro-
cess parameters to further study systematically the effect of carbon
content in the matrix on the electrochemical performance of the
resulting matrix coating. In the following, we refer to the CB-LIC pre-
mix as the matrix, and to the NCM-LIC-CB mixture, i.e., the coated
NCM particles, as the composite.

Effective charge transport requires fast electronic and ionic
pathways between the CAM particles and the current collectors. A
matrix coating solely composed of low electron-conducting SE, i.e., a
composition of 80:20:0, is expected to limit the electronic transport.
In this case, electrons can only be conducted via NCM-NCM point
contacts after deformation of the SE coating layer. Thus, the idea is to
add an electron-conductive additive to form a mixed conducting
matrix. A similar mixture, composed of CB and LPSCI, was already
investigated by Reisacher et al.”’ to identify the necessary content of
CB to achieve an electronically percolating matrix. Similarly, we eval-
uated different CB-LIC ratios to identify the percolation threshold p.
for our system.

To this end, we determined the partial electronic conductivities
using direct current (DC) polarization in symmetric ion-blocking cells,
both for the CB-LIC matrix as well as for the NCM-LIC-CB (80:20:x)
composites with different compositions. As shown in Fig. 8a, the
threshold for electronic percolation, p., in the matrix lies between 2
and 5 wt%. Below this range, the partial electronic conductivity of the
matrix remains below 0.01 mS cm™, while at 5 wt%, it increases by four
orders of magnitude to almost 200 mS/cm and further rises up to
1000 mS cm™ at 15 wt% CB. The cathode composites exhibit a similar
trend for the electronic partial conductivity, which increases from
approximately 0.03mS cm™ at 0% CB to 1.8 mS cm™ at 15% CB in the
matrix.

Since the mixed conducting matrix not only needs to provide
electronic but also sufficient ionic conduction, we further measured
the ionic partial conductivities of the different matrices and compo-
sites, respectively. Using DC polarization in symmetric electron-
blocking cells, an opposite trend for the ionic conductivity as a func-
tion of the CB content is observed (Fig. 8a). With increasing CB con-
tent, the ionic conductivity of the matrix decreases from about 0.7 to
0.03mScm™. Similarly, for the composites, the ionic partial con-
ductivity decreases as well. For the highest CB content, the minimum
ionic partial conductivity of about 0.006 mS cm™ was measured for
the respective composite. The highest ionic partial conductivity of
about 0.04 mS cm™ was found for the composite with a CB content in
the matrix of 1wt%.

The differences between maximum and minimum ionic con-
ductivity values are not as large as for the electronic conductivity.
Furthermore, not all data points follow a strict monotonic trend with
increasing CB content. We attribute this observation to the fact that
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the CB is not equally homogeneously distributed in all samples, lead-
ing to different microstructures. In general, the differences in con-
ductivities deviating from the trend are rather small, given the general
level of uncertainty. Moreover, not only are the materials error-prone,
but also the experimental conditions in the dry room might lead to
irregularities.

At this point, we would like to highlight that the percolation
behavior is not only dependent on the intrinsic material properties but
also on the sample size of the considered volume used to determine
the percolation threshold. During the measurement of the matrix, bulk
properties are assessed, as a relatively large amount of powder is used
to produce a thick pellet (Fig. 8b). The values obtained from these
bulk-scale measurements are not necessarily representative of the
situation when the matrix is applied as a thin coating. In this case, the
coating is typically in the nanometer range, representing a finite-size
system in which the percolation threshold p. can be reached earlier,
i.e., at lower CB contents. Thus, the macroscopic bulk p. derived from
symmetrical cell setups should rather be viewed as an upper limit for
the CB content in the composite.

Additionally, partial conductivities primarily describe charge
transport through the bulk composite and offer no insights into the
charge transfer kinetics at the CAM/SE interface, particularly since the
CAM is typically fully lithiated during such measurements®. Therefore,
the partial conductivities obtained from symmetrical cells do not
necessarily correlate fully with the half-cell performance, as recently
also observed by Puls et al.”®,

This assumption is indeed reflected in the cycling performance of
the half-cells depicted in Fig. 9a. Here, the cells with CB contents above
the determined p. (80:20:1/2/3) show a significantly worse perfor-
mance than cells with CB contents below p.. While the attainable
capacities at 0.1C are still comparable, they rapidly decrease at 0.3 C
and 1C. For example, while providing an initial composite-specific
capacity of ~-130 mAh g™ at 0.1C, the 80:20:3 composition can only
supply a discharge capacity of less than 10 mAh g at 1 C. Interestingly,
the composite without any CB in the matrix, i.e., with a negligible
electronic conductivity, exhibits a decent performance retaining
approximately 85 mAh g™ at 1 C when being charged in constant cur-
rent constant voltage (CCCV) mode. The electronic transfer across
NCM-NCM point contacts seems to be sufficient at the tested stack
pressure of about 80 MPa, confirming the previous results of Kim
et al.”. In the here presented work, we could achieve further
improvement in cycling performance when adding some CB into the
matrix. Among the tested compositions, the 80:20:0.5 composite
delivers the highest composite-specific discharge capacity of
Gecomp=100mAh g™ at 1C after charging in CCCV mode. In the

following, the cycling behavior depending on the cathode composi-
tions shall be discussed in more detail.

All capacity values in Fig. 9a refer to the total mass of the com-
posite, since this metric is closer to practically relevant performance
indicators than CAM-specific capacities, which are shown together
with the Coulombic efficiencies in Supplementary Fig. S15 (see also
Supplementary Note 4). As discussed in our previous work®, not all
CAM particles are necessarily electrochemically active in SSB compo-
site cathodes. Depending on the cathode composition and/or the
mixing method, a substantial fraction of CAM can remain electro-
nically disconnected and thus inactive, thereby lowering the overall
static CAM utilization. Consequently, capacity values based on either
the total mass of CAM or the total cathode mass reflect not the intrinsic
active material properties but are strongly convoluted with the
microstructure of the composite. Thereby, it is possible to differ-
entiate between static and kinetic capacity losses™. Static capacity
losses consider the issue of incomplete static CAM utilization which is
non-negligible for the tested compositions as depicted in Fig. 9b. The
highest CAM utilization of about 90% is reached for the highest CB
content, while in the low CB (0-0.5%) containing composites only
about 65% of the CAM particles are electronically connected. This is
reasonable since CB in the matrix is expected to facilitate the forma-
tion of electronic connections between the NCM particles. Thus, when
more CB is used in the matrix, the probability of electronic connection
of a NCM particle increases. For the 80:20:3 composition this leads to
the highest achievable capacity of 129 mAh g™ at low C-rates (see also
Supplementary Figs. S15a and S16, and Table S4).

On the other hand, we observe that high CB contents are detri-
mental to the cell kinetics in this study. This is evident from the active
specific capacities shown in Fig. 9b which are calculated by referring
the measured charge only to the mass of active CAM. Hence, these
capacity values describe the kinetics only of the statically active par-
ticles. For the 80:20:0.5 composition, an active specific capacity of
180 mAh g at 1C is obtained while for the 80:20:3 composition, only
about 10 mAh g™ are reached. The differential capacity curves depic-
ted in Fig. 9c for discharge cycles at 0.3 C and 1C confirm the differ-
ences in kinetic performance depending on the CB content. This is
further supported by Supplementary Fig. S16 which shows that more
charge is gained from the CV period for the samples with higher CB
content, indicating available but kinetically limited capacity.

For an overall assessment, the active specific capacity values,
representing a kinetic property, must be considered alongside CAM
utilization, which reflects a static property**: A high CB content
increases the CAM utilization by providing more electronic pathways,
leading to higher capacities at low C-rates. However, it simultaneously

Nature Communications | (2026)17:3215

10



6.1. Analysis of a Scalable Mixed Conducting Matrix Coating Approach (Publication IIl)

79

Article

https://doi.org/10.1038/s41467-026-71305-2

_1m

o

2 CCCV (1h CV) Charge CC Discharge § 2204 [ Active Speaific Capacity at 1} %
< = 80:20:0 v 80:20:1 Steel = 200 I CAM Utilization oo
E o 80:20:02 & 80:20:2 Cathode Composite] <3
~ "% oac 80:20:05 <« 80:20:3 LisinCly @
g “« e e [-LigPSsCl =
81204 « 93¢ In/InLi < o
o> 4 1c Steel I <
2 . 3 5
& 10044 2> 2
2 el o S g
8 804w o, fovue —_ % =
O 8 t72 5
& 60
:?) %M % . <§(
Q < Lesa O
& 404 2 64
@ %)
5 204 [}
2 2
Q. Q
€ 04 T T T T T <<
[e}
g 0 1 20 3 40 5 6 7 8 90 80:20:0 80:20:0.280:20:0.5 80:20:1 80:20:2 80:20:3
Cycle Number Cathode Composition NCM:LIC:CB / wiwiw
C 0.0 —— 0.0 ‘ d
=
\\3 / \\ 90 4
05—l > 054 NN
| > N\
R — ¥ T
-1.04 J -1.04 \ = z e L. SRRttt | DI n
- -2 i { o
% -1.54 j %_1_5_ S 70 — . S
< < = < ) ®- -5 °
€ IS T 50
Z 2.0 <-2.04 N ® N
> > = L] N
8 254 Y g-z 5 =50
) ) = < * .
—— 80:20:0 ——80:20:0 <€ .
-3.04— 80:20:0.2 -3.01— 80:20:0.2 O 40 v
80:20:0.5 80:20:0.5 < *
354——80:20:1 -3.54—— 80:20:1 - @--80:20:0 - -v--80:20:1
—— 80:20:2 —— 80:20:2 304 @ 80:20:0.2 ¢ 80:20:2 <
ao)—=8020s | 0.3C oJ==80203 1c 80:20:0.5 - «€- - 80:20:3
2.0222426283.0323.436 20222426283.032343.6 0 20 20 60 80

Voltage vs. In/InLi/V Voltage vs. In/InLi / V

100
--m- - Elastic portion of indentation curve
o 90 - -A- - Plastic portion of indentation curve
R
-
g 80 .y
3 7 ¥ "B
S o0
©
z 50
<
£ 40 o o |
S i £ S
© 30 i —5— El Tg ]
o a =
£ 20 S ]
o)
& 10
0 T T
0 2 4 6 8 10 12 14 16

CB content in matrix / wt%

Fig. 9 | Electrochemical performance of half-cells depending on the cathode
composite composition (1C =200 mA/g~3 mA/cm?). a Cycling performance
when cycled in CCCV mode at 25 °C under 80 MPa stack pressure. Error bars
represent the standard deviation of at least n =2 cells. b Comparison of active
specific capacity and CAM utilization. Error bars represent the standard deviation
of at least n =2 cells. ¢ Differential capacity plots at 0.3 C and 1C. d Evolution of
CAM utilization during cycling. e Elastic and plastic portions of force-indentation

Number of Cycles at 1C

f Elastic matrix coating (low CB content)

Volume expansion

Plastic matrix coating (high CB content)
Volume expansmn

+ Elastic recovery

Discharging

Charging

* Contact loss

P

Charging

Discharging

curves obtained from nanoindentation on CB-LIC pellets, which were prepared by
compacting the premix at 380 MPa. Error bars represent the standard deviation of
n =24 indentations. f Schematic illustration of how the mechanical properties of
the coating influence microstructure evolution. Elastic coatings enable elastic
recovery, preserving interfacial contact, whereas plastic coatings lead to contact
loss due to irreversible deformation.

Nature Communications | (2026)17:3215



80

6. When Mixing makes Coatings

Article

https://doi.org/10.1038/s41467-026-71305-2

obstructs the ionic pathways, thereby impairing the kinetic cell per-
formance resulting in low capacities at higher C-rates. Conversely, a
low CB content reduces the static CAM utilization, with many CAM
particles remaining electronically disconnected and thus electro-
chemically inactive. At the same time, the remaining electrochemically
active particles are found to be kinetically well connected, which is
reflected in the high active specific capacities at 1 C (Fig. 9b) and lower
overpotentials (Supplementary Fig. S16). The improved kinetic per-
formance during charging and discharging is further underlined by the
fact that these particles experience a significantly higher effective
C-rate due to the low CAM utilization®*’°. We do not observe a
monotonic trend in capacity as a function of CB content, which we
attribute to the fact that the CB distribution within the matrix coating
is not yet fully optimized. Consequently, CB agglomeration may lead to
reduced electronic connectivity, particularly at CB contents at or
below the percolation threshold. This highlights the need to further
optimize CB distribution in the matrix, which should be sufficient to
ensure high CAM utilization, yet low enough to maintain fast transport
kinetics and to prevent excessive electrochemical SE degradation.

In order to quantify the impact of chemo-mechanical degrada-
tion, i.e., contact loss***, during cycling at 1C in CCCV mode, the CAM
utilization was determined every 20 cycles. Figure 9d indicates that
contact loss, which results in loss of active mass, is more pronounced
for the cells with high CB content. We hypothesize that the observed
behavior stems from the mechanical properties of the matrix. With
increasing CB content, the matrix is much more porous, exhibits
reduced elasticity, and shows a greater tendency toward plastic
deformation which may hinder its ability to accommodate the volume
changes of NCM during continuous cycling. In contrast, a matrix with
low CB content is more elastic and maintains contact with the NCM
during cycling. For these composites the CAM utilization slightly
increases and appears to stabilize during cycling, indicating micro-
structural changes which lead to new electronic connections.

Nanoindentation measurements on the CB-LIC premix (Supple-
mentary Fig. S17), from which we calculated the elastic and plastic
portions of the indentation response (Fig. 9e), corroborate this picture.
While there is approximately 20% plastic portion at 2.5wt% CB in the
matrix, it rises to around 50% at 15wt% CB, highlighting a substantial
shift toward plasticity at higher CB concentrations. This behavior is
accompanied by a substantial rise in porosity of the CB-LIC matrix with
increasing CB content (Supplementary Fig. S17). Notably, at CB con-
tents of 10% and 15% in the matrix, the porosity increases sharply from
below 5% (at low CB levels) to approximately 25 and 30%, respectively.
The pronounced increase in porosity is directly linked with the
observed rise in plasticity and correlates with the sharp decline in CAM
utilization during long-term cycling at high CB contents in the coating.
As the matrix becomes mechanically less elastic, it loses its ability to
accommodate microstructural changes, such as the volume expansion
of the CAM, during cycling, leading to significant contact losses and
degradation in electrochemical performance (Fig. 9f).

Overall, our results reveal a trade-off between CAM utiliza-
tion, charge transport kinetics, and mechanical integrity, with a
composition of 80:20:0.5 leading to the best performance among
the compositions tested in this study. Thereby, no direct corre-
lation between the partial conductivities and half-cell perfor-
mance is found. The results indicate that the percolation
threshold value determined in a macroscopic measurement is
rather too high and leads to poor ionic conduction as well as
unfavorable mechanical properties which results in a worsened
half-cell performance. In general, the concept of partial con-
ductivities appears to have limited meaning in the context of the
mixed conducting matrix coating approach introduced in this
study. Especially mechanical properties and porosity of the CB-
LIC premix as well as the interfacial contact quality are not
reflected in these measurements although they were shown to

play a significant role. A more relevant assessment can be made
by distinguishing between static and kinetic capacity losses in
half-cell performances during cycling.

Discussion

Interfacial engineering remains a key challenge for SSBs, as electro-
chemical, chemical, and especially mechanical instabilities at inter-
faces strongly affect cycling stability and rate performance. Among
various mitigation strategies, solution-based and mechanochemical
coating routes have emerged as two complementary approaches to
optimize SSB microstructures.

Solution-based routes may enable the formation of SEs around
CAM particles in-situ. For the halide SE LizInCls, such coatings have
been demonstrated for LiCoO, by Wang et al.*® and Ma et al.* using
aqueous precursor solutions, followed by (freeze-)drying to crystallize
the coating phase. This one-step route is attractive for scalability and
energy efficiency, since no separate SE synthesis is required. However,
aqueous processing is limited to water-tolerant CAMs like LiCoO,, as
Ni-rich CAMs can degrade upon water exposure®**, To date, water-
based synthesis has only been reported for LisInCle®, while other
halide SEs and especially sulfide SEs are chemically unstable in water or
alcohols>***’, Consequently, toxic or highly flammable solvents such
as xylene, toluene, or acetonitrile are required®™". This introduces
safety risks and higher processing costs due to significant energy
demand for solvent evaporation and recovery.

Mechanochemical coatings, as presented in this study, offer a
solvent-free alternative, avoiding interactions of the solvent with the
CAM. High-shear mixing deposits pre-synthesized SEs directly onto
CAMs, ensuring intimate contact and large interfacial area without SE
pre-comminution or drying steps®**¢>%, Pre-synthesized SE powders
(e.g., LIC or sulfides) are mechanically attached to CAM particles
without any intensive SE particle pre-comminution or drying step,
eliminating solvent use and associated environmental and safety
concerns. Although SE pre-synthesis is still needed, advances in large-
scale mechanochemical synthesis have reduced its energy demand™??,
potentially enabling a fully solvent-free SSB manufacturing chain’.

As shown in this work, coating formation and homogeneity in dry
mechanofusion processes are governed by the interplay between
various process parameters, requiring precise process optimization.
Excessive collision intensities can induce mechanical degradation of
the CAM or SE’®, while insufficient stress intensity and/or number leads
to incomplete coatings. The risk of particle defects or breakage
increases for large or polycrystalline CAMs due to their higher defect
probability. Conversely, small, single-crystalline CAM particles exhibit
superior mechanical stability, which explains why no measurable
degradation was observed even at the highest stress intensities
(10,000 rpm, 60 min) within the mixer used in this study. Further
performance improvement is expected by optimizing the homo-
geneous dispersion of CB in the matrix® . In particular, preventing
agglomeration of the conductive additive should enhance CAM utili-
zation while preserving fast interfacial charge transfer and transport
throughout the composite cathode. Since both mechanochemical and
solution-based coating strategies have distinct advantages and lim-
itations, their applicability will depend on the specific material system,
thereby motivating further process optimization and degradation
studies.

In summary, we demonstrate that high-intensity mixing leading to
mechanofusion is a promising, well-scalable dry-processing approach
to fabricate tailored microstructures. We exploit the plastic deform-
ability of Li;InCle as a model SE, to create nanometer-thin coatings on
the one hand, while also being suitable for building up well-defined
thicker mixed conducting matrix coatings around single-crystalline
NCM on the other. The process can be broadly applied across different
types of SEs. Unlike simple mixing of loose particles and arbitrary (re-)
ordering, the mechanofusion process offers a bottom-up pathway to
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engineer cathode building blocks with good interfacial connectivity,
eliminating the need for manual mixing or multiple post-processing
steps. Through systematic variation of process conditions and com-
positions, supported by DEM simulations and advanced analytics, we
identified key parameters controlling the coating morphology, quan-
tified by XPS-derived coverage values, and electrochemical perfor-
mance. Notably, cathodes with a composition of 80:20:0.5
(NCM:LIC:CB, w/w/w) exhibited stable cycling at 1C and a specific
capacity of geomp=100mAhg™, calculated with respect to the total
mass of the composite cathode. We expect considerably higher
capacities once SEs with much higher conductivity in the order of
10 mS cm™ will be used. Our findings indicate a clear trade-off between
CAM utilization, cell kinetics at higher CB contents, and the mechanical
behavior of the matrix coating, underlining the importance of opti-
mizing the composite mixing process. Overall, this work presents a
promising and scalable strategy for advancing the manufacturing of
high-performance SSB cathodes. While also discussing corresponding
challenges of this approach, it motivates further exploration of engi-
neered particle architectures in solid-state energy storage systems.

Methods

Materials

Single-crystalline NCM82 (LiNig.g,Mng ¢;C001;0, from MSE Supplies,
Tucson, AZ, USA), CB (Super C65 from Imerys, France), and in-house
synthesized LizInClg (LIC) were used. For the latter one, a water-
mediated synthesis was carried out in a dried room with a dew point of
-60 °C. The starting components LiCl (99%, Fisher Scientific, Waltham,
MA, USA) and InCl; (99.995%, Fisher Scientific, Waltham, MA, USA)
with a mass ratio of 0.365:0.635 (LiCl:InCl;) were mixed in deionized
water at 40 °C for 2 h using a stir fish. Then, the mixture was first dried
at 80 °C with the vessel open for 24 h and afterwards dried under
vacuum for 4 h at 200 °C. From each batch, 32 g of dried in-house
synthesized LIC was obtained, and this water-mediated synthesis route
could be easily scaled up by employing larger vessels. After drying, the
LIC was comminuted using a planetary ball mill (Pulverisette 7, Fritsch
GmbH, Idar-Oberstein, Germany) at 600 rpm for 4 min with 5 mm ZrO,
milling beads, using a 50% milling bead filling ratio.

High-intensity mixing

The building blocks were produced using a Picoline high-intensity
mixer equipped with a Nobilta attachment (Hosokawa Alpine AG).
Mixing was performed in a dry room maintained at a dew point of
-60 °C of the supply air. To mitigate the considerable heat generated
during mixing, continuous cooling was applied. The material volume
that was filled in was consistently set to 4.91mL based on the calcu-
lated pure mixed density p,,,; across all tests to ensure comparability
of stressing conditions (cf. Table S1). In the CB-containing samples, CB
and LIC were premixed at 5000 rpm for 10 min to pre-structure the
matrix coating. NCM was subsequently added, and mixing was con-
tinued for up to 60 min. Sampling during the rotational speed varia-
tion tests was performed at 5, 10, 30, and 60 min. All mixtures were
stored in sealed bags in an argon atmosphere within the dry room prior
to further analysis.

Power data evaluation

The power data P of the high-intensity mixer was continuously
recorded at 5 s intervals throughout the entire mixing process. For the
evaluation of the experimental specific energy input £, ¢y, only the
60 min mixing phase of all three components was considered. To
smooth the power signal, a Savitzky-Golay filter with a span of 50 data
points was applied. The idle power P, corresponding to each rota-
tional speed was subsequently subtracted from the smoothed data.
The resulting net power AP was then normalized to the mass of the
composite my,, used in each experiment (cf. Table SI). Finally, the
experimentally derived specific energy input £, ., was calculated

with the corresponding mixing time ¢, according to Eq. 3.

_SGAP - At
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Particle size analysis

To determine the particle size of the building blocks, three SEM images
were analyzed using an in-house artificial intelligence tool (particleO-
S.Al). Details are found in Supplementary Note 1.

DEM simulations

Coarse-grained DEM simulations were conducted to capture the
macroscopic processing conditions inside the high-intensity mixing
device using Rocky version 2024 R1. To reduce computational cost and
enable simulations within a practical timeframe, the particle size was
coarse-grained to 300 um, approximately 100 times larger than the
actual experimental particle size.

Calibration experiments and simulations were performed to
reproduce the particle dynamics and material behavior. First, com-
paction experiments were carried out using a ZWICK materials testing
machine (ZwickRoell GmbH & Co. KG, Ulm, Germany). In these tests,
1g of the 80:20:3 composite (processed at different rotational speeds
for 60 min) was compacted up to 1000 N, and the corresponding
force-displacement curves were recorded. In the DEM simulations, an
equivalent 1g of coarse-grained particles was placed inside a virtual
compaction cylinder and compressed until a force of 1000 N and the
same average displacement as in the experiments was reached. By
adjusting the yield ratio, Young’s modulus, and friction parameters,
the mechanical response of the simulated particles was calibrated to
match the experimental results (cf. Supplementary Fig. S10a).

To further capture the particle flow behavior, the dynamic angle
of repose of the 80:20:3 composition was determined using a Granu-
Drum (Granutools, Awans, Belgium) at a rotational speed of 20 rpm
and 51.2 g of powder, during which 60 images were recorded and
averaged. In the simulations, a corresponding slice of the drum was
modeled and filled with coarse-grained particles rotated at the same
speed. As only 15% of the drum length was simulated, only 7.68 g of
coarse-grains were used in the simulation to save computation time.
The static and dynamic friction coefficients were then iteratively
adjusted to reproduce the experimentally observed angle of repose
(cf. Supplementary Fig. S10b). The set of calibrated parameters used in
the simulation is provided in Supplementary Table S2.

The coarse-grained particles were assumed to possess an internal
porosity of 0.39. Based on an experimentally determined bulk density
of 1.45gcm™ and a theoretical mixed density of 3.94 gcm™ for the
80:20:3 composition, a corresponding coarse-grain density of
2.417 g cm™ was calculated (cf. Supplementary Fig. S10¢). To validate
this value, the filling volume determined from the GranuDrum
experiments was compared with the simulated filling volume, showing
a high agreement (cf. Supplementary Fig. S10d).

To replicate the 80:20:3 mixing experiment at different rotational
speeds, the mixing chamber of the high-intensity mixer was virtually
filled with 3.88 g of material (one-fifth of the material) via two particle
inlets over a time span of Os to 0.1s., and only one-fifth of the mixer
volume was simulated, following the approach by Frankenberg et al.*.
Following the filling phase, the rotor was set to rotate at varying speeds
for 0.4s until the steady state was reached. The mechanical power
acting on the rotor was computed and compared to the experimentally
recorded net power, enabling validation of the calibration of the simu-
lation parameters from the compaction and angle of repose experi-
ments. The elasto-plastic Thornton-Ning contact model was employed
to account for both the plasticity and elasticity of the particle species.

In addition to the overall power acting on the rotor, particle-based

(i) mean dissipated power Fi“ was extracted during the output

Nature Communications | (2026)17:3215

13



82

6. When Mixing makes Coatings

Article

https://doi.org/10.1038/s41467-026-71305-2

intervals of At = 0.005s and evaluated following the methodology
described by Frankenberg et al.”>. Therefore, the R]ower values, which
are a sum of the work done at one particle ZCQ‘IWS“S during the
output interval, was divided by its collision frequency c; = % and the
mass of one coarse-grain particle My,yicie, cg t0 Obtain particle-based
stress intensities. These stress intensities for each output interval were
stored N ; times to consider that particles undergo N ; collisions
during the output interval. From this data, stress intensity S/-stress
frequency relationships were derived, and the overall mean stress
intensity Sl of this distribution, as well as the coarse-grain stress
frequency SFq¢ representing the number of all coarse-grain collision
events of all particles per second, were derived. The stress number per
particle Wp, corresponding to the total number of stress events per
particle over the process time, was then calculated by integrating the
stress frequency over time®*,

. N. . i
<diss piss coiwds At 1 @)
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XRD analysis

XRD patterns were recorded using a diffractometer equipped with a
Cu Ka monochromatic source (A= 0.154 nm; Empyrean, Malvern
Panalytical, Kassel, Germany). Measurements were performed over an
angular range of 5° to 120° 20 with a step size of 0.053° 26. Samples
were prepared in an argon atmosphere and sealed with Kapton foil to
prevent air exposure during analysis. Background subtraction was
applied to all spectra.

Additional XRD measurements to determine the influence of the
mixing process on micro-strain were performed using a diffractometer
equipped with a Mo K, source (= 0.071 nm; Empyrean, Malvern Pana-
Iytical, Kassel, Germany). Measurements were performed over an
angular range of 5° to 40° with a step size of 0.053° using capillaries
with 0.6 mm diameter in transmission mode and a divergent beam
path. Samples were prepared in an argon atmosphere.

Nanoindentation

Nanoindentation measurements were carried out on pellets made
from CB-LIC premixes with varying compositions. The pellets were
prepared by compressing 0.69 g of premix at 380 MPa for 3 min using
a laboratory press (LaboPress P200S, Vogt Labormaschinen, Ger-
many). Each pellet was then affixed to a glass slide using epoxy resin.
To protect the sample from air exposure during transfer, a plastic
collar was mounted around the pellet, and a glass cover slip was sealed
on top with high-viscosity paste.

Measurements were conducted using a Tribolndenter system
(Hysitron Inc., Minneapolis, MN). The sample chamber was purged
with argon prior to testing to prevent degradation of the pellet. A
100um diameter flat punch indenter was used in displacement-
controlled mode. Indentations were performed to a depth of 10 um at a
loading rate of 500 nm s, For each pellet, 25 indentations were made,
and the average force-displacement curve was determined. From the
curves, both the elastic W, and plastic W, work portions of the
total indentation work W, were quantified.

Smax
Wtotal =/0 Floading(s)ds (6)

Smax
W etastic :/ Funloading(s)ds (7)
So

w =W W etastic ®

plastic total —

Here, s, denotes the maximum indentation depth at the highest
applied load, while s, corresponds to the residual indentation depth
after unloading (i.e., the intersection with the x-axis). Fisqng and
Funioading Tepresent the measured force during the loading and
unloading phases, respectively.

Determination of porosity

The porosity of the composites and pure materials was measured in a
slightly compacted state using a ZWICK materials testing machine
(ZwickRoell GmbH & Co. KG, Ulm, Germany). For each sample, three
measurements were performed by filling 1 g of composite powder into
the measuring cylinder of the instrument. For the individual raw
materials, the following masses were used: 2 g for LIC, 0.25¢ for CB,
and 1g for NCM. Compaction was performed up to a force of 395N
(3.45MPa), and the displacement and applied force were recorded.
The bulk density py, of the composite was determined geometrically
in the compacted state, and porosity € was calculated based on the
mixed theoretical solids density p,,, derived from the known raw
material densities, which are pycy=4.75gcm™, p;,c =2.59 gcm™ and
P =1.96 gcm™ (cf. Table S1).

Prmix = VOL%ncm - Pnem + 0L %y - Pric + 00l %cp - Pep 9
e=1_ Pouk (10)
Prmix

The porosity of the CB-LIC pellets used for nanoindentation
measurements was determined after compaction at 380 MPa.

Scanning electron microscopy (SEM)

The sample preparation was performed in an argon-filled glovebox
with oxygen residues of p(O,)/p<1.0ppm and water residues of
p(H,0)/p <1.0 ppm. The particles were imaged using a field-emission
SEM GeminiSEM 560 system (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) with 2 kV acceleration voltage and 3 mm working distance. EDX
analysis was carried out with the AzTec EDX system (Oxford Instru-
ments, United Kingdom). EDX mapping was performed with an
acceleration voltage of 10 kV at a working distance of 8.5 mm using the
Ultim Max detector. Prior to imaging, the particles were sputtered with
a 4 nm thin layer of platinum using a LEICA EM ACE600 coater (Leica
Microsystems GmbH, Wetzlar, Germany).

(Scanning) transmission electron microscopy ((S)TEM)

The sample preparation of the powder sample was performed in an
argon-filled glovebox with oxygen residues of p(0,)/p <1.0 ppm and
water residues of p(H,0)/p <1.0 ppm. Here, the particles were spread
onto carbon film-coated Cu-mesh TEM grids. Moreover, a TEM lamella
was prepared by focused ion beam (FIB) milling using a Helios™ 5
Hydra CX DualBeam System (Thermo Fisher Scientific Inc.). The sam-
ple was transferred in an argon atmosphere from the glovebox to the
FIB system and back using the CleanConnect inert gas transfer system.
The TEM grids were then loaded in the glovebox into an inert gas/
vacuum transfer TEM holder (from Mel-Build) to avoid reaction of the
samples with humidity in the air and transferred to a pumping stand.
Here, the argon inside the holder was removed before inserting the
holder into the TEM.

High-resolution as well as bright-field and dark-field TEM images
were recorded on both a JEOL JEM 3010 (300kV) and a double Cs-
corrected JEOL JEM 2200 FS (200 kV). Both microscopes are equipped
with a TVIPS TemCam XF416FS camera, which was used for image
acquisition.
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The SPED phase map was measured on the JEOL JEM 3010
equipped with a NanoMEGAS P2000 ASTAR system for scanning and
precessing the beam (precession angle 0.6°). The four-dimensional
data set was recorded with the TVIPS TemCam XF416FS camera as a
video, which was later converted into a rectangular data set (.bloc
format) using an in-house written Python code and evaluated using the
NanoMEGAS software suite DiffGen 2, Index 2, and MapViewer 2. For
phase matching, the crystallographic files (.cif) for NCM82, NiO, and
LIC taken from the Inorganic Crystal Structure Database were used
as input.

EDX data was recorded on the JEOL JEM 2200 FS using a Bruker
Nano XFlash Detector 5060 in scanning TEM mode with a semi-
convergence angle of 15.07 mrad. The map data was evaluated using
the Esprit 2.3 software.

X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed using a PHI Versa Probe IV system (Phy-
sical Electronics Inc., Chanhassen, MN, USA). The powders were filled
into Teflon crucibles (inner diameter: 3 mm), pressed to achieve a flat
surface, and attached to the sample holder using nonconductive
adhesive tape. The sample preparation was performed in an argon-
filled glovebox with oxygen residues of p(0,)/p <1.0 ppm and water
residues of p(H,0)/p <1.0 ppm. All samples were transferred to the
XPS machine in an air-tight transfer vessel. Monochromatic Al-K,
radiation (1486.6 eV) was applied for XPS analysis. The X-ray source
was operated at a power of 50 W and a voltage of 15 kV, having a beam
diameter of 200 um. A pass energy of 55 eV, a step size of 0.2 eV, a step
time of 25 ms, and 20 sweeps were used. The samples were charge-
neutralized during measurements. The XPS data were evaluated using
CasaXPS (Casa Software Ltd., Teignmouth, UK). The spectra were
calibrated in relation to the signal of adventitious carbon C 1s at
284.8 V. For each detail spectrum, a region with the same energy
boundaries was defined, and the respective intensities /ejement (in CPS)
were used to calculate the coverage values Y

_ Ity a
lort g+ i+ g

Equation 11 does not contain the C 1s signal intensity because this
would include signal intensity stemming from adventitious carbon,
which cannot be distinguished from the CB contribution. Moreover,
the overall signal intensity, including C 1s, depends on several
experimental parameters and shows noticeable variations between
nominally similar samples. Thus, even the corrected C 1s intensity,
obtained by subtracting the C 1s intensity of a CB-free reference
sample, was not used in the coverage calculation. XPS-derived cover-
age values close to 1 reflect that a covering, >10 nm thick, coating layer
was achieved. The values contain no information on the morphology
and exact thickness distribution. The coverage values contain aver-
aged information over more than 1000 particles.

Cell building and electrochemical evaluation

All electrochemical cells were built in an argon-filled glovebox with
oxygen residues of p(0,)/p <1.0 ppm and water residues of p(H,0)/
p<1.0 ppm. The cell components were filled in an in-house-built cell
casing containing a PEEK die with an inner diameter of 10 mm*. The
electrochemical measurements were carried out in a controlled
environment at 7=25°C. During all electrochemical measurements,
the cells were fixed in a steel frame while applying a pressure of
approximately 80 MPa (10 Nm torque).

For the determination of the effective partial electronic con-
ductivity, symmetric ion-blocking cells were used with stainless steel
rods serving as contacts. 120 mg of the matrix and composite powders
were compacted with an uniaxial pressure of 380 MPa for 3 min at
room temperature.

For the determination of the effective partial ionic conductivity,
symmetric electron-blocking cells were used. For this purpose, 240 mg
of composite was hand pressed, and then 60 mg of LigPSsCl (LPSCI,
Argyrodite-CMPS5 from Posco JK Solid Solution, South Korea) was added
to each side. The three layers were compacted with a uniaxial pressure
of 380 MPa for 3 min at room temperature. Then, indium foil (99.999%,
100 um thickness, 9 mm diameter, Chempur, Germany) and lithium
foil (100 pm thickness, 4 mm diameter, China Energy Lithium) were
pressed together on both sides to serve as lithium reservoirs.

For the experimental measurement of effective partial con-
ductivities, chronoamperometry was applied until a stable steady-state
current was reached at every voltage step. The voltage-current tuples
were fitted linearly, and the resistance and the corresponding con-
ductivity were evaluated according to Ohm~s law. For the symmetric
electron-blocking cells, an additional reference measurement using Li-
In|LPSCl|In-Li was carried out. The associated resistance was sub-
tracted from the total resistance before calculating the ionic partial
conductivity.

For the half-cell testing in a in-house made cell casing’, the fol-
lowing setups were used: First, 40 mg of LiPSCI powder (Argyrodite-
CMP5 from Posco JK Solid Solution, South Korea) was evenly filled in a
PEEK cylinder (10 mm diameter) and pressed by hand. Subsequently, a
layer of 40 mg LIC was added and also hand pressed, completing the
bilayer separator”. Then, approximately 15 mg of the cathode com-
posite was evenly distributed on the LIC layer. On the LPSCl layer of the
bilayer separator, an indium foil (99.999%, 100 um thickness, 9 mm
diameter, Chempur, Germany) and a lithium foil (100 um thickness,
6 mm diameter, China Energy Lithium) were placed to form the In/InLi
anode. Afterwards, the cell was uniaxially pressed with approximately
380 MPa for 3 min while being isolated.

The cells were cycled in a cell voltage range between 2.0 and 3.7 V
vs. In/InLi at room temperature using a BCS-805 Battery Cycling Sys-
tem (Bio-Logic, Seyssinet-Pariset, France) and a MACCOR electro-
chemical workstation. Charging was done in CCCV mode by holding
the cutoff potential for 1h. The C-rates were calculated based on a
CAM-specific capacity of 200 mAh/gncy, taking into account the
nominal amount of NCM in the cathode (1C =200 mA/g~3 mA/cm?).

The CAM utilization was determined similarly to as described in a
previous publication®*: Each SSB cell was charged with 0.1C to 3.1V vs.
In/InLi, held at that potential for 3 h, followed by 3 h of relaxation to
determine the potential V4. Then, the cell was charged with 0.05C up
to 3.4V, followed by 5h of relaxation to get the potential V5. The
relaxed OCP values are given in the Supplementary Source Data File. As
a quasi-OCP (titration) curve of the CAM, the capacity-voltage curve of
an LE cell at 0.02C was taken as a reference (cf. Supplementary
Fig. S18) for which the data file is openly available in Zenodo at https://
doi.org/10.5281/zenodo.14065128, reference number 14065128. For
the LIB reference cell, it was assumed that it possesses a comparable
voltage-capacity curve to the SSBs. The validity of this approximation
is discussed in Supplementary Fig. S19.

The liquid cell data was used to assign a reference specific capa-
city value gyer1 s to the potential range determined by V; and V5. This
value was compared with the measured capacity qmeasured Of the solid-
state cell, which can be extracted with the analysis software. The CAM
utilization was then calculated with Eq. 11:

CAM Utilization = Imeasured

12
Gref, LB 12

The active specific capacities are calculated by dividing the mea-
sured capacities by the CAM utilization, i.e., the charge is referred only
to the actual electrochemically active mass.
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7 Coatings in Control

Stabilizing the interface between sulfide-based SEs and high-energy CAMs such as Ni-rich
layered oxides is crucial for improved long-term stability. Without modifications, this
interface is prone to chemical and electrochemical degradation, leading to impedance
growth, poor capacity retention, and ultimately cell failure. Protective CAM coatings are a
common strategy to mitigate these effects.

A wide range of coating materials and methods, including the process described in Pub-
lication III, has been explored, and in corresponding publications, positive effects compared
to a bare reference sample have been demonstrated. However, a lack of comparability and
reproducibility across studies makes it difficult to evaluate which coating strategy is superior
to others and truly leads to stable CAM | SE interfaces.

The following publications show that the effectiveness of coatings is highly sensitive to
processing conditions, opening a large parameter space. Therefore, an efficient benchmarking
is required to accelerate the development of protective CAM coatings. Interfacial degradation

is addressable but only with well-engineered coatings and meaningful benchmarking.

7.1. Publication IV: Engineering the Artificial Cathode-Electrolyte
Interphase Coating for Solid-State Batteries via Tailored

Annealing

This publication?'* investigates the artificial CEI coating, initially reported in a proof of
principle study by Zuo et al.?*!, within a broader process parameter space. For this purpose,
poly-crystalline NCM85 was coated with the sulfide SE LPS and annealed at different
temperatures. The morphology and composition of the different coatings were probed via
X-ray photoelectron spectroscopy (XPS), scanning transmission electron microscopy (STEM),
and low-energy ion scattering (LEIS). The performance of the coatings was examined in
composite cathodes with LPSCI as catholyte within a benchmarking framework developed

by Hertle et al.'”3, which is mainly based on ToF-SIMS analysis.
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The study advances the understanding of the artificial CEI coating concept by establishing
process-structure-performance relations. It is demonstrated that process parameters, in this
case the annealing temperature, have a critical impact on the performance and need to be
carefully explored. Thereby, the results stress the need to move beyond proof-of-principle
coating studies and the importance of considering various process parameters. If these
parameters are not tailored, a coating can easily be misleadingly interpreted. Furthermore,
it is shown that an effective benchmarking is capable of accelerating the identification of

suitable process parameters.

The study was designed by M. Kissel, F. Walther, and ]. Hertle under the supervision of J.
Janek. The experiments were planned and coordinated by M. Kissel. The XPS and ToF-SIMS
measurements were carried out by F. Walther. M. Kissel prepared the samples, performed
the electrochemical experiments, and evaluated the data. R. Zhang prepared the cells with
tape-casted electrodes. P. Briiner performed the LEIS measurements. T. Demuth carried out
the STEM-EDX measurements. The manuscript was written by M. Kissel and edited by all
co-authors.

Reproduced from: Maximilian Kissel, Felix Walther, Jonas Hertle, Thomas Demuth,
Ruizhuo Zhang, Philipp Briiner, Torsten Brezesinski, Kerstin Volz, Jiirgen Janek. Engineering
the Artificial Cathode-Electrolyte Interphase Coating for Solid-State Batteries via Tailored
Annealing. Chem. Mater., 2025, 37, 6, 2192-2203, DOI: 10.1021/acs.chemmater.4c03086,
licensed under CC BY 4.0.
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lytes (SEs) are emerging as promising candidates for next-
generation energy-storage systems. However, both active and
electrolyte materials suffer from poor (electro)chemical compati-
bility, leading to severe degradation at the SEICAM interface which
is highly detrimental to the long-term cycling stability. Inspired by
the natural cathode-electrolyte interphase (CEI), a novel coating
concept involves formation of a protective, artificial CEI coating
prior to cell assembly. Here, we investigate the oxidative annealing
process after coating Li;PS, as precursor onto polycrystalline
LiNij 3sC0g10Mng 05O, (NCMS8S). A combination of microscopic
(scanning transmission electron microscopy, STEM), spectro-
scopic/spectrometric (X-ray photoelectron spectroscopy, XPS, low energy ion scattering, LEIS, and time-of-flight secondary ion
mass spectrometry, ToF-SIMS), and electrochemical methods reveals that the composition, morphology, and performance of the
coating can be tailored by controlled annealing in oxidizing atmosphere. The effect on coating quality and its stabilizing effect on the
SEICAM interface are examined. Only a morphologically and compositionally optimized coating can successfully prevent interfacial
degradation, highlighting the need for tailored process parameters to fully exploit the coating potential. The optimization is
supported by an efficient benchmarking framework combining electrochemical and analytical methods, which can serve as a basis for
further systematic coating studies.

.TOF-SIMS

gradation

» De

nnealing Temperature

H INTRODUCTION they offer high theoretical specific capacities and high
operating voltages, small volume change upon delithiation/
lithiation, as well as being less resource-critical than e.g,
LiCoO, (LCO)." Different types of SEs have been tested as
catholytes, such as sulfides, oxides, polymers, halides, or
composite/hybrid SEs.'®™"” Recently, even the incorporation
of a small amount of liquid electrolyte has been regarded as a
feasible approach, which may be considered as a route from all-
solid to “almost-solid”.*>*' While each SE class has distinct
advantages and disadvantages, sulfide SEs are of particular
interest as catholytes, since they offer very high ionic
conductivities, exceeding 10 mS/cm at room temperature, as
recently achieved by high-entropy SEs for example.””*’
Another advantage is their deformability and processability,
eliminating the need for energy-, time-, and cost-intensive

Solid-state batteries (SSBs) are considered promising
candidates for next-generation energy storage, mainly due to
their potential for higher energy density and potentially
improved safety compared to conventional lithium-ion
batteries (LIBs).'™ Achieving very high energy densities
requires the use of a Li-metal anode, which is assumed to be
enabled by a solid electrolyte (SE) separator.”” Besides, silicon
has recently gained attention as anode material in LIBs and
lithium-ion SSBs due to its high specific capacity and low
potential of 0.4 V vs Li*/Li.* The anode in SSBs is separated
by an (ideally) dense and thin SE layer from the cathode to
prevent any chemical crossover between the electrodes and to
provide electronic insulation. The cathode is typically a
composite consisting of SE particles (often called catholyte),
cathode active material (CAM) and may also contain an

electron-conducting additive and a binder. With regard to Received: November 7, 2024 e
materials in the cathode composite, various combinations of Revised:  March 5, 2025 -
CAMs and SEs have been intensely explored.10 As CAMs, Ni- Accepted:  March 6, 2025

rich LiNi,Co,Mn1_,_,0, (NCM) layered oxides are currently Published: March 11, 2025 / |
favored, while research on LiFePO, (LFP)-based SSBs is =
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scarce. Nirich CAMs are particularly promising, since
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sintering processes, which otherwise can also lead to the
formation of unwanted phases.”*

However, a critical challenge in implementing sulfide SEs
and Ni-rich CAMs are interfacial degradation processes caused
by the chemical and electrochemical incompatibility of the
materials used.”>™*® As previously reported, this interfacial
degradation is especially severe at high states of charge,”
resulting in damage to both the SE and CAM and the
formation of unwanted interfacial side products (ie., an
interphase) within a cathode-electrolyte interphase (CEI).*
The CEI—as well as any structurally degraded near-surface
layer in the NCM—impedes Li-ion transport, increases
interfacial resistance, and ultimately degrades the cell perform-
ance. It is generally composed of two major types of oxidized
degradation products: Polysulfides formed by electrochemical
oxidation (delithiation) of the SE*"** and oxygenated
sulfurous and phosphorous species, formed by oxygen-
involving oxidation.”** The latter is supposed to be more
detrimental to cell degradation.> The required oxygen is
released from the NCM lattice, reacts with the SE, thereby
forming oxygenated sulfurous species (sulfites/sulfates,
Li,SO,), oxygenated phosphorous species (phosphites/phos-
phates, LixPOy), and mixed phases of type LixPySzOu.% In
addition, gaseous reaction products like SO, have been
reported.”””® The oxygen loss from the NCM particles causes
surface reconstruction with rock-salt-phase formation, which is
well-known to block Li-ion transport.***® In addition to the
(electro)chemical reactions, the NCM particles undergo
morphological and chemo-mechanical degradation. Cycling-
induced volume expansion and contraction cause cracking of
CAM particles and contact loss between SE/CAM and CAM/
CAM, resulting in an increased overpotential and reduced
attainable capacity.*

In order to prevent the aforementioned degradation
phenomena, various CAM coatings have been investigated.*’
The idea is that a thin layer of material on the CAM surface
acts as a physical and/or chemical barrier, hindering interfacial
reactions between CAM and SE.*"** Different approaches
have been explored, including the application of ternary
lithium oxides, with LiNbO; being a prominent example,*’
binary oxides (e.g, HfO,***) polymers,** or halide electro-
lytes’” as coatings. While recent advances have shown
promising results in improving interfacial stability and
enhancing battery performance, long-term stability, scalability,
and cost-effectiveness remain major challenges for practical
implementation.

As recently reported by our group, the formation of an
artificial CEI is a promising approach to prevent interfacial
degradation.*® This approach mimics the natural CEI
formation of sulfide SEs during a controlled treatment, aiming
to accommodate the driving force of the chemical reaction
between sulfide SE and Ni-rich CAM while preventing harmful
side reactions. So far, this concept has only been studied within
a narrow parameter range, which is typical for most coating
investigations reported in literature.

In general, various instrumental analytical techniques can be
applied to characterize the coating morphology and
composition.”” However, not all of them are suitable for an
efficient and systematic parameter study, due to difficulties in
sample preparation or limited statistically relevant information
that can be quantified. A possible approach is the combination
of a high-throughput method, such as X-ray photoelectron
spectroscopy (XPS), and further high-resolution techniques,
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such as scanning transmission electron microscopy (STEM),
for a smaller number of selected samples. With respect to
electrochemical performance, long-term cycling tests are
usually carried out to prove a positive coating effect compared
to a not-intentionally coated sample. However, this only allows
for a proof-of-principle without further understanding of the
coating mechanism and subsequent optimization of the coating
parameters. Hereby, the true potential of the coating might be
left undiscovered. Another drawback of long-term cycling
experiments is that chemo-mechanical degradation of the full
cell and anode-related contributions come into play.’’ They
can easily interfere with the effects of cathode-electrolyte
interface degradation and impede understanding of the actual
effectiveness of the CAM coating in suppressing detrimental
interfacial reactions. Chemo-mechanically improved battery
cells, on the other hand, often require a slurry fabrication
process, including wet processing with suitable solvents and
binders, introducing more material combinations and inter-
faces, making it difficult to relate results directly to the SEI
CAM interface.** In addition, a larger amount of CAM is
needed during composite preparation, compared to lab-scale
hand-grinding approaches. Especially during the development
of new coating strategies, these larger quantities may not
always be available. Thus, new experimental approaches are
required to evaluate and benchmark the performance of
coatings, such as recently proposed.”’

One principal aim of this study is to demonstrate that such a
systematic CAM coating investigation can be carried out in an
efficient and effective way, which facilitates comprehensive
understanding of the coating and enables further optimization.
Therefore, in this work, we delve into the artificial CEI coating
approach, and systematically examine the impact of annealing
on CEI formation. We use Li;PS; as sulfide SE and
LiNiggsC0g.10Mngos0, (NCMS8S) as Ni-rich CAM. The
second focus of this work is to gain a better understanding
of the coating formation process. To achieve this, the SE was
deposited on the CAM surface by a dry-coating approach. The
SE-coated CAM was then annealed in synthetic air at various
temperatures up to 700 °C. In the following, we employ a
combined approach using analytical and electrochemical
methods to gain insights into the effect of annealing on the
coating properties. We show that the coating morphology as
well as composition can be modified by tailored annealing,
which has a significant impact on performance. We
demonstrate the importance of investigating various process
parameters during coating preparation to avoid too general and
potentially misleading statements about the coating. Optimal
properties of the proposed CEI coating and cell performance
are achieved at moderate annealing temperatures, highlighting
the versatility of this coating approach and providing guidance
for further optimization.

Bl EXPERIMENTAL SECTION

Cathode Active Material Coating. The cathode active
material (LiNijgsCo0g19Mng 50, NCM8S) was provided by
BASF SE and dried under vacuum at 200 °C for 12 h prior to
utilization. The coating was applied through dry-coating with
mortar and pestle, followed by a heat treatment under
synthetic air, similar to previous work by Zuo et al*®
Accordingly, Li;PS, (NEI Corporation) was added to
NCMSS in a weight ratio of 1:99, and the mixture was hand
ground for 30 min using an agate mortar. The mixed powder,
i.e., SE-coated NCM, was pressed into pellets by a hand press

https://doi.org/10.1021/acs.chemmater.4c03086
Chem. Mater. 2025, 37, 2192-2203
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and transferred in a snap cap vial into a tube furnace. The
annealing was done in synthetic air (118.5 sccm N, and 31.5
sccm O, flow). The temperature was increased with a heating
rate of 2 K/min, and the final annealing temperature (up to
700 °C) was held for 1 h. After cooling down to room
temperature and transferring the sample back to the glovebox,
the pellet was hand ground for S min to get loose coated CAM
powder, which was investigated further. Besides the transfer to
and from the oven in a snap cap vial, all samples were treated
in an argon-filled glovebox (p(0,)/p < 0.1 ppm, p(H,0)/p <
1.0 ppm).

Thermogravimetric Analysis—Mass Spectrometry
(TGA-MS). Measurements were performed on a NETZSCH
STA-409-PC coupled with a mass spectrometer QMS 403
Aéolos under synthetic air. About 20 mg of the Li;PS, powder
was placed in an alumina crucible and heated up to 800 °C.

X-ray Photoelectron Spectroscopy (XPS). XPS analyses
were performed using a PHIS000 Versa Probe II system
(Physical Electronics Inc.). The powders were filled into
Teflon crucibles (inner diameter: 3 mm) and attached to the
sample holder using nonconductive adhesive tape. All samples
were transferred under argon using a transfer vessel for PTS
sample holders by PREVAC. Monochromatic Al-K,, radiation
(1486.6 V) was applied for XPS analysis. The X-ray source
was operated at a power of S0 W and a voltage of 17 kV. The
analysis spot diameter was set to 200 um. For charge
compensation, a dual beam charge neutralization (ion beam
combined with a low-energy electron beam) was used during
measurements. The pass energy of the analyzer was 29.35 eV.
The XPS data were evaluated using CasaXPS (Casa Software
Ltd.). The spectra were calibrated in relation to the signal of
adventitious carbon at 284.8 eV. For signal fitting, GL* line
shapes and Shirley background were applied. Common fitting
restrictions (e.g., theoretical signal area ratios depending on the
analyzed orbital, fwhm constraints, and published values for
spin orbit splitting) were used.

Scanning Transmission Electron Microscopy (STEM).
The sample preparation was performed in an argon-filled
glovebox with oxygen residues of p(O,)/p < 1.0 ppm and
water residues of p(H,0)/p < 1.0 ppm. Here, the bare and
coated particles were spread onto on carbon film-coated Cu-
mesh TEM grids. These grids were then loaded into an inert/
vacuum transfer holder (from Mel-Build) and transferred to
the TEM under argon atmosphere to avoid reaction of the
samples with air. A double Cs-corrected JEOL-JEM2200FS
STEM, operating at 200 kV, was used for STEM imaging in
the low annular dark-field regime. EDX maps were recorded
using a Bruker Nano XFlash Detector 5060.

Low Energy lon Scattering (LEIS). LEIS measurements
were performed at IONTOF GmbH using a Qtac100 low-
energy ion scattering spectrometer. Due to its high surface
sensitivity, LEIS typically requires in-vacuum cleaning of
samples prior to analysis to remove adsorbed species, as the
standard method of atomic oxygen cleaning was not applicable
for these samples. Spectra were recorded at room temperature,
100 °C, 200 °C, 400 °C, and 600 °C. The instrument is
equipped with a double-toroidal analyzer with a fixed scattering
angle of 145°. This setup maximizes the measurement
sensitivity to keep the ion-beam induced sample damage
within the static regime while still obtaining spectra with low
noise levels. All samples were analyzed using a 3 keV *He" ion
beam at normal incidence, with an ion beam current of 2.6 nA
scanned over an analysis area of 2 X 2 mm® With an
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acquisition time of 120 s per spectrum, this results in an ion
fluence of 5 - 10" jons/cm?, well within the static limit for a 3
keV *He" analysis ion beam.

Cell Fabrication and Cycling. For the fabrication of solid-
state battery cells, commercially available LigPS;Cl (NEI
Corporation) was used without further modification. The
LigPS;Cl SE was received and stored in an argon-filled
glovebox to maintain its integrity, with oxygen residues of
p(0,)/p < 1.0 ppm and water residues of p(H,0)/p < 1.0
ppm. The composite cathodes were composed of (un)coated
NCM and LigPS;Cl with a mass ratio of 80:20 wt %. No
carbon additives or binders were used. The mixture was hand
ground in an agate mortar for 15 min.

The basic cell setl_lg used in this study is described in a
previous publication.” As separator, 60 mg of Li;PSsCl was
pressed by hand. About 12 mg cathode composite was added
on one side of the separator and distributed evenly. This side
of the cell was closed with a modified steel stamp with an
AlO; inlet as current collector to enable advanced post-
mortem analysis of the composite cathode as reported by
Hertle et al.>" Afterward, the stacked pellet was pressed at 375
MPa for 3 min. On the other side of the separator, an indium
foil (Alfa Aesar, 99.99%, 9 mm diameter, 100 pm thickness)
and a lithium foil (China Energy Lithium, 6 mm diameter, 100
um thickness) were placed to form the In/InLi anode. The
complete cell was held in an aluminum frame at a constant
pressure of SO MPa (10 N m torque) during the electro-
chemical measurements. The cells were cycled at 0.05C
(calculated based on a specific capacity of 200 mAh/g)
between 1.9 and 3.7 V vs. In/InLi for 1.5 cycles (charge—
discharge—charge) and relaxed overnight until the start of the
ToF-SIMS measurement.

Time-of-Flight Secondary lon Mass Spectrometry
(TOF-SIMS). ToF-SIMS measurements were performed on a
TOEF-SIMS 5-100 by IonTOF GmbH Germany, which is
equipped with a 25 keV Bi cluster primary ion gun for SIMS
analysis. The full cell samples were prepared in an argon-filled
glovebox. Insulating adhesive tape was used to attach the
composite cathodes to the sample holder. The samples were
transferred to the instrument under inert atmosphere using the
transfer system Leica EM VCTS00 (Leica Microsystems). The
analysis area was 150 X 150 gm? and rasterized with 256 X 256
pixels (random mode). All measurements were performed in
negative ion mode with 25 keV Bi;" primary ions with a dose
of 1-10" ions/cm?* and a cycle time of 60 s in spectrometry
mode. The data were calibrated with the software SurfaceLab
7.3 (IONTOF GmbH). Pixel-by-pixel normalization (see®' for
details) was used for data analysis in this study. The analysis
was performed through an in-house Python code,*® which
performed the pixel-by-pixel analysis on all the peaks identified
as relevant. The data are scaled by the total ion count. For each
sample, at least 14 different regions were analyzed to obtain
statistically relevant information.

Tape-Cast Electrode Preparation. Uncoated and coated
NCMS8S (annealed at 400 °C) was used for slurry-cast
electrode preparation following previous work.* Anhydrous o-
xylene (97%, Sigma-Aldrich) as solvent, Super C6S carbon
additive (TIMCAL Ltd.), and polyisobutylene binder
(Oppanol N 150, BASF SE) were used in the preparation of
the slurry. A composite cathode was first prepared by ball-
milling (FRITSCH GmbH) CAM, SE, and Super C6S in a
weight ratio of 69.3:29.7:1.0 at 140 rpm for 30 min. The as-
prepared cathode composite was further wetted by o-xylene

https://doi.org/10.1021/acs.chemmater.4c03086
Chem. Mater. 2025, 37, 2192-2203
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Figure 1. (a) XP detail spectra of the S 2p signal indicating the coating composition depending on the annealing temperature. With increasing
temperature, the precursor Li;PS, (E = 161.2 V) transforms into Li,SO,-like species (Eg = 169.4 V). (b) XP detail spectra of the O 1s signal
monitoring the evolution of the NCM lattice oxygen signal (gray) and the oxygen signal stemming from surface impurities/coating (yellow). Lower

NCM signals suggest increased coating coverage.

with a fixed solid content of 64 wt % and mixed at 600 rpm for
2 min in a centrifugal planetary mixer. The binder solution was
then added dropwise to the wetted composite in a weight ratio
of 1:99 (binder:cathode composite), followed by further
mixing at 2000 rpm for 6 min. Next, the slurry was cast
onto Al foil using a mini tape casting device from MTI Corp.
All preparation steps were conducted under inert atmosphere
either in a sealed container or inside an argon-filled glovebox.
The as-prepared cathode sheet was first dried in the glovebox
at room temperature for 4 h, then under vacuum for another
12 h. Finally, the cathode tape was punched into discs with a
diameter of 9 mm for further electrochemical testing. The
assembling procedure was the same as that for the pelletized
cells described above, and the cells were cycled between 2.28
and 3.68 V vs. In/InLi.

B RESULTS AND DISCUSSION

The sulfide solid electrolyte Li;PS, (LPS) was dry-coated onto
polycrystalline NCMS8S and then annealed at temperatures
between 25 and 700 °C under synthetic air for 1 h to form a
coating mimicking the natural CEIL For each artificial CEI
coating, both the morphology and the chemical composition
were investigated first. In this work, we focused on X-ray
photoelectron spectroscopy (XPS) combined with additional
scanning transmission electron microscopy (STEM), energy-
dispersive X-ray spectroscopy (EDX), and low-energy ion
scattering (LEIS) measurements on selected samples. After-
ward, all coatings were tested electrochemically in pelletized
cells, and the degradation products were analyzed post mortem
via time-of-flight secondary ion mass spectrometry (ToF-
SIMS).

Characterization of Coating Composition and Cover-
age via XPS and LEIS. XPS analysis as a surface-sensitive
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technique was performed to monitor compositional changes in
the coating, as well as changes in the coating coverage due to
the variation in temperature. The aim of the temperature
treatment is to oxidize the LPS coating precursor, involving
synthetic air as an alternative oxygen source to prevent damage
to the CAM. Oxygenated sulfurous- and phosphorous species
are formed in these reactions, whereby both (partially
lithiated) Li,SO,, Li,PO,, and mixed phases, such as Li,S,P.O,,
are conceivable. Thus, changes in composition were tracked
with the S 2p (Figure 1a) and P 2p detail spectra (Figure S1).

The S 2p peak at a binding energy around 1612 eV
corresponds to sulfur in the form of PS>~ in the LPS
precursor, while the S 2p peak around 169.4 eV indicates the
formation of sulfates.”® As seen in Figure 1a, after annealing at
25 °C in synthetic air, the coating precursor has not
significantly reacted. The main contributions in the S 2p
spectrum match well with the pristine LPS measured as
reference. The same accounts for the P 2p spectrum. With
increasing annealing temperature, successive transformation of
the coating precursor is observed in the S 2p and P 2p spectra.
The precursor starts to oxidize to a greater extent between 100
and 200 °C, and the conversion seems to be completed at
around 400 °C. The corresponding energy positions indicate
the formation of Li,SO,- and Li;PO,-like species, and thus the
intended transformation. With a further rise in temperature
above 400 °C, no further changes in the signal shape are
observed in the S 2p and P 2p spectra. However, the overall
intensity of both decreases, already indicating a removal of
coating material.

The compositional evolution is additionally supported by
changes in the O 1s signal region (Figure 1b). For the bare
NCM, two principal peaks in the O 1Is spectrum can be
differentiated, which are attributed to the lattice oxygen of the

https://doi.org/10.1021/acs.chemmater.4c03086
Chem. Mater. 2025, 37, 2192-2203



7.1. Engineering the Artificial Cathode-Electrolyte Interphase Coating (Publication V)

93

Chemistry of Materials

pubs.acs.org/cm

NCM at lower binding energy (Ez ~ 528.7 eV) and to
Li,CO3/LiOH impurities at higher binding energy (~5$31.4
€V), both of which are typically found on the surface of NCM
particles.**> The latter peak can also be seen for the coated
samples, but they overlap with contributions originating from
Li,SO,- and Li;PO,-like species, which can be found at slightly
higher bindin& energies of about 532 and 532.5 eV,
respectively.’®’ Accordingly, the signal position of the
combined peak shifts to higher binding energies for moderate
annealing temperatures (300 and 400 °C), due to the
formation of Li,SO,- and Li;PO,-like species, and shifts back
toward the original position for temperatures above 500 °C,
also indicating evaporation/sublimation of the coating.

The effect of coating removal can be more clearly seen in the
NCM lattice oxygen contribution at around $528.7 eV
depending on annealing temperature (Figure 1b). For the
unannealed sample, the contribution is reduced compared to
the bare NCM, indicating that the precursor covers the NCM
surface. With increasing temperature, the intensity of the NCM
lattice oxygen contribution is successively decreasing to a
minimum for the sample annealed at 300 °C. At this
temperature, no NCM lattice oxygen can be detected
indicating that the particles are covered with a layer of at
least 10 nm. This thickness corresponds approximately to the
depth of information in XPS measurements. A further increase
of annealing temperature leads again to a rise in lattice oxygen
contribution, which indicates that the NCM surface is
successively exposed and the coverage decreases. After
annealing at 700 °C, the contribution is even higher than for
the uncoated reference sample, suggesting that in addition to
the removal of coating material, also the common surface
impurities (e.g., Li,CO; and LiOH) are partially removed.

A similar trend concerning the coating coverage can be
derived from the Ni 2p signal (Figure S2). The decrease in the
Ni 2p signal up to an annealing temperature of 300 °C
indicates that the transformation of the coating precursor is
accompanied by an increasing coverage of the NCM, since
XPS is a surface sensitive technique and the NCM:LPS mass
ratio was the same in all cases. By comparing the signal
intensities of the Ni 2p (CAM) and S 2p/P 2p (coating) detail
spectra, the coverage was semiquantitatively evaluated. For this
purpose, we used the sum of the relative intensities of the S 2p
and P 2p signals for the coating, I.ung and the Ni 2p signal for
the CAM, Icay. According to eq 1, the degree of coverage, 7,
can reach values between 0 (“not” covered) and 1 (“fully”
covered):

Icoating
= ——
Icoating + ICAM (1)

The values for the differently annealed samples are depicted
in Figure 2. A maximum coverage for annealing at 300 °C and
a decreasing coverage at higher annealing temperatures are
found, which confirms the previously discussed observations. It
should be noted that the coverage values only serve as an
indicator to allow for a comparison among the samples. The
calculated values cannot be considered as the real coverage,
since the signal intensities are also affected by the coating layer
thickness and surface impurities contribute to a lower NCM
signal, although they are not part of the intentional coating.
Due to the spatial resolution of XPS no single particles are
measured but instead statistical information is obtained by
analyzing more than 1500 particles simultaneously. Apart from
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Figure 2. Coating coverage as a function of annealing temperature
(hereby 0 °C means unannealed), approximated from relative XPS
intensities. Signal intensities (at. %) of coating elements (S, P) are
evaluated with respect to the Ni signal stemming from the NCM.

eq 1, other methods of expressing the degree of coverage are
feasible. For instance, one could consider the relative Ni signal
without any further calculations (Figure S3). All approaches
lead to the same trend, allowing for a semiquantitative
comparison of the coating coverage by XPS indicating that
the annealing temperature affects the coverage and thickness of
the coating layer.

The XPS results are supported by thermogravimetric
analysis (TGA) combined with mass spectrometry (MS)
measurements, carried out under synthetic air on the pure
precursor material LPS (Figure S4). After an initial slight
weight loss, e.g,, due to previous hydrolysis, LPS is stable up to
~180 °C. At an onset temperature of 180 °C, oxidation with
mass increase occurs. This ends at about 300 °C, which is
consistent with the conclusions on the coating coverage drawn
from the XPS analysis. At ~320 °C, oxidation/decomposition
begins with a primarily endothermic loss of mass, which is
completed at around 380 °C. Especially the second part of the
reaction is accompanied by the evolution of SO (m/z = 48)
and SO, (m/z = 64). We note that also signals with m/z = 50
and m/z = 66 can be detected between 300 and 400 °C,
corresponding to POH; and PO,H,, respectively. However,
their intensity is lower, by 1 order of magnitude, than that for
the sulfurous species. From 400 °C onward, successive slight
weight loss is detected. Accordingly, the main reactions occur
between 200 and 400 °C, and the trend in coating coverage
derived from XPS correlates well with the TGA data. At higher
temperatures, the coating precursor starts to evaporate, which
is accompanied by SO, SO,, POH;, and PO,0Hj evolution.
Based on these results;, TGA analysis of the SE coating
precursor should be considered as a useful precharacterization
method for narrowing the range of annealing temperature for
coating preparation optimization.

Low energy ion scattering (LEIS) was further carried out to
gain more surface sensitive information. Figure 3 depicts the
LEIS spectra of three coated NCM samples annealed at
different temperatures, along with a bare reference sample, all
heated to 200 and 600 °C inside the LEIS device before
analysis to remove surface adsorbates. The labeled surface
peaks represent the elemental composition of the outer atomic

https://doi.org/10.1021/acs.chemmater.4c03086
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Figure 3. LEIS spectra (taken with 3 keV *He") of bare and coated
NCM annealed at 300, 400, and 700 °C after heating to (a) 200 °C
and (b) 600 °C in the LEIS device.

layer. The absence of a surface peak for Mn/Ni/Co, which
were not resolved under these measurement conditions,
indicates that no metal atoms from the base material are
present in the outer surface layer. However, most of the
baseline of the spectrum is due to subsurface NCM atoms,
with lower energy values corresponding to greater depth. All
signal intensity at energies of 1900 eV and higher originates
from NCM atoms in near-surface layers at a depth of 1 to 3
nm. At 200 °C measurement temperature (Figure 3a), these
near-surface NCM signals are significantly reduced for the
coated samples annealed at 300 and 400 °C, indicating the
presence of a coating. Also, for the coated sample annealed at
700 °C a small signal reduction compared to the bare NCM is
observed. With increasing temperature in the measurement
device, the situation changes. At 600 °C (Figure 3b), the
subsurface NCM signal strongly increases for samples annealed
at 300 and 400 °C compared to the spectrum shown in Figure
3a. This suggests an increased fraction of NCM just below the
surface, meaning that the coating thickness and coverage are
decreased. The coated sample annealed at 700 °C shows this
behavior from the beginning, presumably because it was
already annealed to such a high temperature during the coating
process. The reason for the overall higher intensity of the
spectra recorded at 600 °C is probably related to some change
in surface chemistry, which increases the reionization of He.
However, further investigations are required to elucidate this
aspect. The occurring sulfur/phosphorus peak for the bare
NCM at 600 °C might stem from impurities of the
coprecipitation step during the NCM synthesis. Such sulfur
residuals were already observed in a previous work by EDX
and ToF-SIMS.>® Sodium is a typical surface contamination,
which is often detected in LEIS measurements.”’ Overall,
when measuring at 600 °C, the spectra look qualitatively
almost identical for all samples, which is probably due to the
removal of coating at elevated temperatures. Accordingly, the
coated samples become similar to the uncoated NCM, which
overall is in agreement with the previously described XPS and
TGA-MS results.

Characterization of Coating Morphology via STEM-
EDX. LAADF STEM investigations were conducted on
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selected samples to gain visual information on the coating
morphology at the nanoscale (Figure 4). While no coating

Anneallng at 100 °C: Annealing at 400 °C: Annealing at 700 °C:

D | T

100 nm

Figure 4. Low-angle annular dark field (LAADF) STEM and STEM-
EDX images of LPS-coated NCMS8S annealed at 100 °C (a, d, g, j),
400 °C (b, e, h, k), and 700 °C (q, f, i, 1). Red arrows indicate the
coating and green boxes the area probed using EDX.

layer is visible for the bare NCM (Figure S5), the LPS-coated
particles show different coating morphologies depending on
the annealing temperature. For the coated sample annealed at
100 °C, a relatively uniform layer of 5 to 20 nm thickness is
found (Figure 4a,d), indicating successful dry-coating.
However, occasionally we found larger coating particles
(Figure S6), which confirms the assumption that the surface
layer is not completely homogeneous after the simple coating
approach based on hand grinding used in this work. In general,
the coating preferably accumulates in notches between the
primary particles (Figure S7). The morphology significantly
changes with increasing annealing temperature. After annealing
at 400 °C, a relatively thick (20 nm—50 nm) and rough coating
is found (Figure 4b,e). Additionally, some coagulation is
observed, which leads to the formation of medium to large
coating particles. The highest annealing temperature of 700 °C
results in the formation of even larger particles (50 nm—120
nm) with almost no coating in between (Figure 4c,f).
Apparently, the coating underwent a morphological trans-
formation by removal of thin layers and aggregation into larger
particles.

STEM-EDX confirmed the previous results with respect to
the coating composition. Sulfur and phosphorus were detected
in all samples irrespective of the annealing temperature (Figure
4g—i). However, oxygen signals were only detected in the
samples annealed at 400 and 700 °C (Figure 4k,]). No oxygen
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was observed in the coating of the sample annealed at 100 °C
(Figure 4j), indicating the coating precursor was not yet
oxidized, as expected from the XPS investigations. We like to
note that the coating and particles are quite sensitive to the
electron beam and degrade under the strong irradiation during
EDX measurements. Changes in coating morphology during
the EDX measurements are thus unavoidable.

Overall, the characterization results demonstrate that the
coating properties are not fully determined during the
mechanical dry-coating process, but can be tailored during
annealing. Not only the composition, but also the morphology
of coating can be adjusted by controlled annealing. With a
tailored annealing program, it seems feasible to further
optimize the coating with respect to coverage and thickness
(see also Section S1).

Electrochemical Performance. To examine the influence
of the coating composition and morphology on electro-
chemical performance and the interfacial processes within the
composite cathode, systematic cell cycling with subsequent
post mortem analysis using ToF-SIMS was performed in
accordance with a benchmarking approach reported earlier.”'
The cells consisted of a LizPS;Cl (LPSCl) separator, an In/
InLi anode and a cathode composite of NCM and LPSCIL
They underwent only 1.5 cycles (charge—discharge—charge)
and a relaxing step overnight before the ToF-SIMS measure-
ment, allowing for time-efficient benchmarking of the coating
performance.

From the short-term cycling results, various metrics can be
extracted and taken into consideration to assess the electro-
chemical performance of the coatings. First, the initial
Coulomb efficiency (ICE) is a good indicator for the interfacial
decomposition of SE. In SSBs, the significantly larger first-cycle
charge capacity stems from the oxidative decomposition of
SE.*" It is therefore often the case that a higher ICE indicates
lower initial SE decomposition. As depicted in Figure Sa, the
ICE reaches around 85% for the uncoated sample. Interest-
ingly, for the lower annealing temperatures up to 200 °C, the
coated samples show even lower ICEs. For annealing
temperatures of 300 °C and above, the ICE improves
compared to the bare NCM. This already indicates that
coating composition and morphology significantly affect
interfacial reactions and thus the electrochemical properties
and that a coating does not always lead to an improvement.
The absolute capacities follow a similar trend, for which the
700 °C sample reaches the highest second-cycle specific charge
capacity of 199.5 mAh/g. Here, apart from the 25 °C sample,
all coatings lead to an improvement compared to the
composite using bare NCM. However, from these results
alone, no firm conclusions can be drawn about the quality of
coating depending on the annealing temperature.

Since the measurable capacities strongly depend also on the
microstructure of the cathode composite which in turn
depends on the mixing process, additional parameters, such
as overpotential, as measure for the internal resistance were
considered. When galvanostatically charging the cell, the upper
cutoff voltage, here 3.7 V vs. In/InLi, is reached while the
actual state-of-charge (SOC) of the CAM is lower.
Analogously, when discharging the cell, the lower cutoff
voltage, here 1.9 V vs. In/InLi, is reached while the actual SOC
of the CAM is higher. Thus, during a following OCV period in
both cases, the potential relaxes toward the actual SOC of the
system. A stronger relaxation is the consequence of a higher
overpotential during charging/discharging and indicates a
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Figure S. Electrochemical parameters used for comparison of the
coating effects including (a) the specific capacities of 1.5 cycles, (b)
the relaxed OCV reached after 1 h after galvanostatic charging/
discharging to 3.7/1.9 V vs In/InLi, and (c) differential capacity plots
of the first discharge and second charge cycles.

larger cell resistance. Since the tested cells were built
identically, a difference in cell resistance should be mainly
attributed to the CEI degradation layer. Comparing the relaxed
potentials 1 h after charging/discharging, as depicted in Figure
Sb, allows a ranking of the coating quality. The relaxed
potentials are maximal after charge and minimal after discharge
for the samples annealed at 300 to 500 °C. Lower annealing
temperatures lead to a significantly larger potential relaxation,
indicating higher cell resistance. Also, higher annealing
temperatures lead to a slightly stronger relaxation. This trend
is confirmed by the differential capacity plots of the first
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Figure 6. ToF-SIMS surface analysis to determine the relative degradation of composite cathodes with differently annealed LPS-coated NCMs. The
signal intensity of each fragment is normalized to the respective total ion signal before calculating the relative degradation, which corresponds to the
relative intensity of the signal with respect to the signal of a composite cathode using uncoated NCM.

discharge and second charge cycles (Figure Sc). In general, the
overpotential is found to be decreased for all coated samples
compared to the bare NCM. However, the samples annealed at
medium to high temperatures clearly show a reduced
overpotential compared to coated samples treated at lower
or higher temperatures. During discharge, the samples
annealed at 400 and 500 °C show an additional feature at
~2.9 V vs In/InLi, which is commonly referred to as “kinetic
hindrance” region and is considered as a beneficial feature.®"
Overall, the electrochemical results are in accordance with the
XPS, TGA-MS, LEIS, and STEM/EDX results: Annealing
between 300 and 500 °C leads to an optimized coating, which
in turn improves the performance from an electrochemical
perspective.

Post-Mortem ToF-SIMS Degradation Analysis. After
the short-term cycling, ToF-SIMS measurements were carried
out to detect and quantify degradation products. The
combination of electrochemical data and post mortem analysis
is imperative to holistically compare different coatings.'
Considering the strong correlation between the EC perform-
ance and the interfacial degradation, the resulting side products
during cycling will be discussed thoroughly in the following
section. While the electrochemical performance (in terms of
achievable capacity and capacity retention) should be as high
as possible, the relative degradation product signals should be
as low as possible.

In general, interfacial degradation between NCM and sulfide
SEs can be divided into two pathways.®’ One is arising from
the SE being in contact with electronically conducting surfaces,
i.e., the current collector, CAM surface, or carbon additives,
leading to electrochemical oxidation through lithium extrac-
tion, e.g, formation of polysulfide species.’’ They do not
necessarily have to be regarded as detrimental, since the as-
formed compounds can be assumed to be redox active within a
certain potential range, but they may increase local
resistance.”>***> The other type of degradation is arising
from the chemical, oxygen-involving oxidation of the SE being
in contact with the CAM particles. Thereby, sulfites/sulfates
(Li,8O,), phosphites/phosphates (Li,PO,), and thiophos-
phites/thiophosphates (Li,S,P,O,) are generated as parasitic
byproducts, as well as gaseous reaction products. Since the
oxygen originates from the NCM, the reactions are
accompanied by surface reconstruction with rock-salt phase
formation, which is known to impede lithium transport.***°
Our coating approach intends to minimize the damage to the
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CAM and the associated more or less “uncontrolled” reactions
with the SE.

To investigate the effect of the coatings on interfacial
reactions, ToF-SIMS measurements were performed. In the
analysis, the ion fragments can be assigned to different groups
of degradation products, as depicted in Figure 6a. Herein, the
results of principle component analysis (PCA) were used to
weight the intensity of the corresponding fragments appropri-
ately (cf. ref 51 for details). The signals were normalized with
respect to the uncoated sample to directly see the influence of
the coating on the ion fragment intensities. Relative
degradation values above 1 indicate that more degradation
products were detected for the sample than for the bare
reference material, while values below 1 indicate the opposite
trend. For better visualization, we further grouped the
fragments from Figure 6a into the two main (solid)
degradation products (polysulfide-like and oxygenated species)
in Figure 6b.

Compared to the bare reference sample, almost all coatings
lead to a decrease in degradation products, even though the
coating itself consists of oxygenated sulfurous and phospho-
rous species. However, there are distinct differences for the
different annealing temperatures, and a clear trend is apparent.
Apart from the sample annealed at 100 °C, the degradation
products successively decrease with increasing annealing
temperature down to a minimum for the coatings annealed
between 300 and 500 °C. At higher annealing temperatures,
the trend in coating coverage and electrochemical data is
reflected by the increased fraction of degradation products.
Higher annealing temperatures lead to partial removal of the
coating, resulting in more reactive CAMISE interfaces, which in
turn results in an increase in side products. Accordingly, the
less the coverage, the higher the electrochemical performance
in terms of initial capacity, but also the fraction of degradation
products.

Overall, the coating seems suitable to mitigate interfacial
reactions between NCM and SE, resulting in smaller fractions
of both oxygenated sulfurous/phosphorous species and
polysulfides. Particularly the latter is remarkable, since the
coating itself already consists of oxygenated sulfurous/
phosphorous species. According to the data shown so far,
the best compromise between coating morphology/composi-
tion, electrochemical performance, and degradation products
can be found for the coated CAMs annealed at 300 and 400
°C. Although the bare NCM surface initially provides a higher

https://doi.org/10.1021/acs.chemmater.4c03086
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capacity in the initial charge cycle, it suffers from significant
interfacial degradation and overpotential, which is expected to
result in inferior long-term cycling performance compared to
the coated samples.

Long-Term Cycling Performance. To verify the
predicted improved long-term performance, cells with slurry-
cast cathode sheets were cycled over a longer period of time.
The aim is to reduce the influence of chemo-mechanical
degradation, which is a severe problem in pelletized cells that
have been used for short-term cycling.’® A disadvantage of
slurry-cast electrodes is that relatively larger amounts of coated
material are required, which are often not easily available for
small batch testing in lab scale. Thus, in our case, only the
coated sample annealed at 400 °C was chosen for long-term
cycling experiments, since it provides a fully oxidized coating,
which is not the case for the sample annealed at 300 °C. The
corresponding electrochemical performance is shown in Figure
7. The coated sample reaches a significantly higher ICE
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Figure 7. Cycling performance of the uncoated and LPS-coated NCM

in a full cell with tape casted electrodes. (a) First-cycle voltage profiles

at C/10 and (b) specific discharge capacities calculated with respect

to the total mass of NCM in the composite cathode over 100 cycles

(at C/S after initial rate capability testing).

(92.7%) compared to the uncoated NCM (87.1%) and a first-
cycle specific discharge capacity of almost 205 mAh/g. The
capacities were calculated with respect to the total mass of
NCM in the composite cathode. In the following, the C-rate
was gradually increased from 0.1 to 1.0C. The SE-coated CAM
delivered specific discharge capacities of 204, 198, 184, and
166 mAh/g at 0.1, 0.2, 0.5, and 1.0C, respectively, i.e., about
97, 90, and 81% of the capacity achieved at 0.1C was retained
at higher C-rates. In contrast, the specific discharge capacities
and their retention were lower for the bare NCMS85 (199/190/
175/160 mAh/g at 0.1/0.2/0.5/1.0C). Also, during long-term
cycling at 0.2C, the coated sample proves its improved long-
term performance, retaining 85% (vs 79% for the uncoated
counterpart) of the capacity after 90 cycles. It should be noted
that practically also the anode can significantly contribute to
capacity fading during long-term cycling and its influence is not
well controlled in a two-electrode cell configuration. However,
based on the statistics, at least two independent cells were
measured and presented the same trend, thus corroborating
the significantly enhanced performance by the introduced
coating and reducing the interference from the anode. During
cycling, the SE oxidation and CEI growth continue, leading to
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a continuously increasing interfacial resistance, which in turn
lowers the capacity during galvanostatic cycling. These
processes are effectively mitigated by the SE-coated sample,
thus leading to improved long-term performance.

Discussion of the Artificial CEl Coating. Cathode active
material coatings are frequently not subjected to systematic
analysis and optimization in the literature. Consequently, the
influence of different process parameters on the micro-
structure, composition, and performance may remain undis-
cussed, and the true potential of coatings cannot be accurately
assessed. At the same time, results are often referred to the
coating material in general, although its properties may vary
significantly depending on the process parameters. Rather than
making generalized statements about the performance of a
particular coating material, it is more prudent to consider the
specific process parameters and their impact on the coating’s
microstructure, composition, and ultimately its performance.

As demonstrated in this work, not every coating leads to an
improvement since the annealing temperature, for instance, has
a crucial effect by influencing not only the composition, but
also the morphology (coverage) of the coating. The highest
coverage was obtained for an annealing temperature of 300 °C,
while a fully oxidized surface layer required temperatures
beyond 300 °C. To achieve both high coating coverage and full
SE oxidation, we further investigated the influence of annealing
time and gas atmosphere. Details of this investigation are
presented in Section S1. It was found that a longer annealing
time has a beneficial effect only if the oxidation is not
completed after 1 h, that is, for temperatures below 400 °C.
Increasing the oxygen partial pressure in the annealing
atmosphere can accelerate the precursor oxidation at lower
temperatures, allowing for shorter annealing times. The
annealing not only affects the coating properties but may
also alter the defect chemistry and structure of the cathode
material.**** To deconvolute these contributions and to fully
elucidate the working principle of the artificial CEI coating,
further systematic investigations are required in the future.

While already the annealing process allows for a significant
optimization of the artificial CEI by adjusting the annealing
temperature, time, and atmosphere, numerous other parame-
ters may further improve the coating properties. The
deposition method, with associated parameters, such as
precursor amount, may enable a more uniform and thinner
coating. Moreover, the precursor type can be varied, since all
sulfide SEs are in principle applicable for that purpose, which
may require again a reassessment of process parameters.
Further optimization of all these parameters has the potential
to enhance the performance of the artificial CEI coating
approach. Thereby, a systematic benchmarking framework is
able to facilitate and accelerate the optimization process. In
general, the development and optimization of active material
coatings remain an important and challenging task on the path
toward stable solid-state batteries.

Bl CONCLUSIONS

We have investigated the effect of annealing process on the
properties of a CAM coating, which involves creating an
artificial CEI prior to cell assembly. After applying the sulfide
SE, Li;PS,, as coating precursor during a simple dry-coating
process on polycrystalline LiNijgsCog10Mng 5O, the anneal-
ing temperature was systematically varied. The resulting
coatings were characterized in detail using XPS, TGA-MS,
LEIS and STEM with respect to their morphology and
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chemical composition. The analyses revealed that both
properties are strongly dependent on the annealing temper-
ature. The temperature should be as high as necessary to
ensure complete oxidation of the coating precursor and at the
same time as low as possible to avoid evaporation or
coagulation of coating. Further electrochemical testing and
post mortem ToF-SIMS analysis showed that only a properly
annealed coating leads to the intended mitigation of interfacial
degradation. The corresponding temperature range was found
to lie between 300 and 400 °C. Preliminary additional tests
with respect to annealing time and gas atmosphere indicated
that these process parameters can also significantly affect the
coating quality. These results emphasize the versatility of the
proposed coating approach.

Overall, our work highlights the importance of investigating
different process parameters to fully explore the coating
potential and to avoid too generalized statements. We have
demonstrated that this can be achieved through efficient
benchmarking, combining electrochemical tests as well as
microscopic and spectroscopic/spectrometric methods.
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7.2. Publication V: Toward efficient benchmarking and development

of novel CAM coatings for solid-state batteries

While the benchmarking approach developed by Hertle et al.1”® was successfully applied
in Publication IV, it also presents a few drawbacks, making it less attractive for broader
adoption. A central disadvantage is the reliance on ToF-SIMS analysis to obtain meaningful
results. While this sensitive surface analysis technique is powerful, it is not available in every
research group.

This manuscript introduces a more practical benchmarking approach, suitable for both
academic and industrial research on protective CAM coatings. It combines an XPS-based pre-
characterization with a one-week electrochemical testing program. The study demonstrates
that distinct differences between coatings can already be detected using this short-term
testing. In doing so, it specifically addresses degradation at high SoC, i.e., aging of the
CAM | SE interface, while minimizing the influence of other degradation sources. Thereby,
this work highlights pitfalls in electrochemical impedance spectroscopy (EIS) analysis of
CAM coatings.Furthermore, it critically discusses the limitations of long-term cycling tests
and other extended testing challenges which investigating novel CAM coatings.

Overall, the study provides an efficient and practical benchmarking framework, presenting
a clear advancement over the previously reported approach by Hertle et al.1”3. While the
SIMS-based framework of the latter remains valuable for understanding coating mechanisms
and detailed comparisons, the approach presented here allows exploration of a broader
parameter space in a reasonable timeframe and addresses wider challenges in achieving

reliable benchmarking.

The study was designed by M. Kissel under the supervision of ]. Janek. The experiments
were planned and coordinated, and all data were evaluated by M. Kissel. F. Schnaubelt, S. L.
Benz, and H. Schneider contributed to the discussion of electrochemical and XPS data. J.
Kessler-Kiithn and A. Lai assisted with cell building. P. Minnmann provided the long-term
cycling data. The manuscript was written by M. Kissel and edited by all co-authors.

Reproduced from: Maximilian Kissel, Felix Schnaubelt, Jill Kessler-Kiihn, Sebastian L.
Benz, Anton Lai, Philip Minnmann, Holger Schneider, Jiirgen Janek. Toward Efficient Bench-
marking of new CAM Coatings. J. Electrochem. Soc., 2026, 173, 070501, DOI:10.1149/1945-
7111/ae55d2, licensed under CC BY 4.0.
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?BASF SE, 67056 Ludwigshafen, Germany

Sebastian L. Benz,l’2

Electro-chemo-mechanical degradation phenomena at the CAMiIsolid electrolyte interface lead to both impedance growth and
capacity fading in solid state batteries (SSBs). Driven by this, protective coatings on cathode active materials (CAMs) have
emerged as a key strategy to mitigate interfacial degradation in SSB composite cathodes. Currently, the development of novel
protective CAM coatings is hindered by poor comparability and benchmarking issues, due to non-standardized testing protocols.
Moreover, even within a single laboratory, coating optimization remains challenging, as performance strongly depends on
processing parameters that cannot be efficiently explored through long-term cycling alone. Here, we present a systematic
benchmarking approach to isolate and quantify the coating effect on interfacial stability. Our two-step workflow combines X-ray
photoelectron spectroscopy (XPS) for pre-characterization of coating coverage and thickness with a standardized, time-efficient
electrochemical testing protocol that delivers quantitative results within one week. We demonstrate that even short-term
benchmarking can reveal significant performance differences across coatings and process routes. In addition, we critically discuss
challenges associated with long-term testing and impedance analysis, as well as general considerations regarding interlaboratory
benchmarking and the comparability of CAM coatings. Overall, the proposed approach provides a framework to guide coating
optimization and accelerate the development of stable, high-performance SSBs.
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Solid state batteries (SSBs), employing solid electrolytes (SEs)
instead of liquid ones, have attracted significant attention due to their
potentially higher energy densities, improved safety, and longer
cycle life, compared to traditional lithium-ion batteries.'> Currently,
one of the most promising configurations for SSBs involves the use
of high-nickel layered cathode active materials (CAMs) and sulfide
SEs. High Ni-CAMs offer high energy densities, while sulfide SEs
provide high ionic conductivity at room temperature and favorable
mechanical properties. However, their combination in composite
cathodes still faces major challenges.>* The primary drawback is
interfacial degradation at the CAMISE interface, caused by chemical
and electrochemical incompatibility which leads to increased im-
pedance and capacity fading.s’7 To address this issue, researchers in
academia and industry have explored various strategies, with one of
the most promising being the application of protective coatings on
the CAM surface.” These coatings act as a barrier between the
cathode and the SE to mitigate unwanted side reactions, thereby
improving overall battery performance. A wide range of coatin%
materials has been investi;ated, including for instance oxides, -1
halides,'*"* and polymers'*'>. Numerous studies have demonstrated
that coatings can enhance capacity retention, reduce impedance
increase as well as degradation products.

Comparing the performance of protective coatings across studies
remains challenging, making it difficult to assess the true potential of
novel approaches. This can be attributed to several factors. First, the
general interlaboratory comparability is notably low, making it
difficult to reproduce and validate results obtained in different
laboratories.'® Additionally, no standardized testing program exists
for evaluating the performance of protective CAM coatings. This
lack of standardization leads to inconsistencies in testing conditions,
rendering direct comparisons between studies unreliable and
unfair.'”

Furthermore, as demonstrated in a previous study by our group,'®
a single processing parameter can significantly impact coating

“E-mail: maximilian.kissel @uni-giessen.de; juergen.janck @uni-giessen.de

performance while many studies remain proof of concepts. This
highlights the need to reliably explore a broader range of process
parameters already at early levels of development to better assess a
coating’s potential and avoid drawing premature conclusions.'%19>!

Covering more of this process parameter space and accelerating
coating development, requires efficient and reliably short-term
benchmarking. Hertle et al.*? proposed a systematic approach
combining time-of-flight secondary ion mass spectrometry (ToF-
SIMS) and three-electrode tests. While this framework provided
valuable insights into the degradation mechanisms and coating
performance, it had certain limitations: The electrochemical infor-
mation obtained was limited to 1.5 cycles, primarily serving as a
preparatory step for the ToF-SIMS measurements. Reactive coatings,
that form within the initial cycles, may be misinterpreted due to the
limited electrochemical data. Also, the results were only meaningful
when combined with SIMS data, which requires careful analysis and
is not standard equipment in many laboratories.>>

To overcome these drawbacks and gain more comprehensive
information in a straightforward manner, we have developed an
alternative benchmarking approach consisting of two stages: X-ray
photoelectron spectroscopy (XPS) is used as a pre-characterization
method to obtain initial information on coating coverage and
thickness, followed by an short-term electrochemical testing protocol
designed to provide time-efficient, quantifiable data within approxi-
mately one week. Our method enables a straightforward and
adaptable framework for academic and industrial researchers to
more quickly and reliably identify promising coating approaches and
process parameters, as well as those that are not viable. The set of
parameters, acquired within approximately one week, can also be
used for machine learning or design of experiment studies.”*

In the following, we will discuss the strategy of our bench-
marking approach in detail and present the results obtained from a
comparison of six different coatings and an uncoated reference. We
demonstrate that our short-term benchmarking delivers a sound set of
quantifiable parameters, which allows a reliable ranking. We further
discuss pitfalls during impedance analysis and challenges for further
tests, which are still needed to evaluate promising coatings in detail.
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Motivation, Workflow and Scope of the Benchmarking
Approach

The performance of novel protective CAM coatings for SSBs is
typically evaluated based on long-term cycling performance com-
bined with C-rate tests, with specific capacities and respective
capacity retention compared to an uncoated reference serving as
the figure of merit. This time-consuming approach restricts the
investigation of a broader process parameter space although, as
demonstrated in a recent study by our group, many coating process
parameters influence the resulting coating properties.'® However,
systematic investigations that explore and report a broader parameter
space remain scarce.'®'"*>?® Most published works are rather proof
of principle studies comparing a new coating chemistry, processed
with certain parameters, to a bare reference, leaving further
optimization potential largely unclear. Crucially, coatings or process
parameters that fail to improve performance are rarely reported,
which limits the knowledge gained for the broader community.

To accelerate the development and enhance the processing
understanding of novel protective CAM coatings, a time efficient
and reliable benchmarking framework is desired. The workflow of
the here proposed approach is depicted in Fig. 1a and will be briefly
summarized in the following.

Different CAM coatings processed under various conditions are
first characterized with XPS to get information on the coating’s
composition and coverage. The coated CAM particles are then mixed
with solid electrolyte in a mixing machine to ensure comparable
interfacial contact. Afterwards, half-cells with the composites are
assembled according to a standard operation procedure (SOP),
followed by a short-term electrochemical testing program. The
electrochemical short-term benchmarking (Fig. 1b) starts with a
low C-rate formation cycle to determine the initial Coulomb
efficiency (ICE). The second cycle is employed to measure
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impedance at medium state of charge (SoC) and to quantify the
CAM utilization. This microstructural property describes the fraction
of CAM particles that are both ionically and electronically connected
and thus can be electrochemically active.”” The degree of CAM
utilization depends mainly on the particle size distributions and ratios
of the SE and CAM, the weight ratio in the composite, and the
composite mixing process.”’ > If a reproducible mixing process is
established, a significantly lower CAM utilization points to a coating,
typically electron blocking, that is too thick. Since the focus is on
material and particularly CAMISE interfacial properties, potential
variations in the mixing process and microstructures are quantified
by calculating active specific capacities.?” For this calculation, the
charge is normalized to the mass of active CAM particles.

With respect to degradation at the CAMISE interface it needs
to be noted that this is both (electro)chemical®®*>® and
chemo-mechanical’’*® in nature. While effective coatings must
mitigate both, probing these effects requires different approaches and
efforts. Chemo-mechanical degradation becomes evident during
extended cycling, whereas (electro)chemical degradation can be
detected more quickly and reliably.***' The latter leads to the
formation of a resistive cathode—electrolyte interface (CEI), which is
particularly pronounced at high SoC—a highly relevant condition,
since batteries often remain in the charged state.*” Thus, the
coating’s ability to suppress ageing under high SoC is
critical.>*3*3¢43 I conventional long-term cycling tests, the actual
time cells spend at high SoC often remains unclear. Instead, probing
this protection capability can be efficiently done b;/ integrating high-
voltage holds as recently shown by Truong et al.”® That is why the
proposed the short-term benchmarking deliberately includes a
“short-term aging” step after the fourth charge (Fig. 1b) to trigger
(electro)chemical reactions at the CAMISE interface,>> while simul-
taneously monitoring impedance. In the following discharge,
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Figure 1. Efficient benchmarking of novel CAM coatings. (a) Workflow with the central elements of this benchmarking approach. (b) Representative voltage
profile over time during the electrochemical benchmarking protocol. Important impedance measurement points are indicated with an asterisk.
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impedance is again measured at medium SoC for comparison with
the beginning of the protocol.

The goal of the overall workflow is to reliably and efficiently
narrow the coating process parameter space, thereby accelerating
coating development. It is not intended to replace long-term cycling
or complementary tests, but rather to make these tests more efficient.

Experimental

Materials and solid-state cell assembly.—All materials were
stored and handled in an argon-filled glovebox, with oxygen residues
of p(O,)/p < 1.0 ppm and water residues of p(H,O)/p < 1.0 ppm.
The cathode active material (LiNigg5Cog 10Mng¢s0,, NCM85) was
provided by BASF SE and dried under vacuum at 200 °C for 12 h
prior to further testing. Seven samples based on the same CAM were
tested, whereby Uncoated-Ref denotes the uncoated base CAM.
Among the six coated CAMs denoted as Coating-01 to Coating-06,
Coating-02 represents the artificial CEI coating previously reported
by our group.'®* It corresponds to LizPS; (NEI Corporation,
Somerset, NJ, USA) coated NCM85 which was annealed at 400 °C
as described in our previous publication.'® All other coated CAMs
were provided by BASF SE and used without further treatment.

The composites were machine-made in a mini vibrating mill
(Pulverisette 23 from Fritsch GmbH, Idar-Oberstein, Germany)
using 6 ZrO, balls with 5mm diameter at 15Hz for 30 min.
Commercially available LigPSsCl (NEI Corporation, Somerset, NJ,
USA) was used as catholyte without further modification. The
composite had a mass ratio of 80:20 wt% (CAM:SE) and a total
mass of 200 mg. No carbon additive is used, excluding its effect on
SE degradation, to put the focus on the CAMISE interface.?>*

For the electrochemical half-cells, an in-house made cell casing%
was used and the assembly followed a standardized protocol:*’ First,
80 mg of LigPSsCl (NEI Corporation, Somerset, NJ, USA) were
filled in the mold and pressed by hand. 12 mg of the prepared
cathode composite were evenly distributed on top of the separator
and pressed by hand (corresponding to a total loading of
~15.3 mgeomposite €M 2 with 12.2mgcapmcm 2). As anode, an
indium foil (Alfa Aesar, 99.99%, 9 mm diameter, 100 pm thickness)
and a lithium foil (China Energy Lithium, 6 mm diameter, 100 pm
thickness) were used. The whole cell was pressed uniaxially at
375 MPa for 3 min.

XPS.—XPS analysis was performed using a PHI Versa Probe IV
system (Physical Electronics Inc., Chanhassen, MN, USA). The
powders were filled into Teflon crucibles with an inner diameter of
3 mm, pressed to achieve a flat surface and attached to the sample
holder using nonconductive adhesive tape. All samples were
transferred from the glovebox to the XPS machine in an air-tight
transfer vessel. Monochromatic Al-K, radiation (1486.6eV) was
applied for XPS analysis. The X-ray source was operated at a power
of 50 W and a voltage of 15 kV having a beam diameter of 200 pm.
A pass energy of 55¢V, a step size of 0.2 eV, a step time of 20 ms
and 20 sweeps were used. The samples were charge-neutralized
during measurements. The XPS data were evaluated using CasaXPS
(Casa Software Ltd, Teignmouth, UK). The spectra were calibrated
in relation to the signal of adventitious carbon C 1 s at 284.8 eV. For
each detail spectrum, a region and the respective intensities were
used to calculate the coverage values y.

Electrochemical short-term testing.—The electrochemical mea-
surements (cf Fig. 1b) were performed at 25 °C with a VMP-300
potentiostat (Bio-Logic, Seyssinet-Pariset, France). The stack pres-
sure of ~80 MPa was applied via a steel frame. The currents for the
galvanostatic cycling between 2.0 and 3.7V vs In/InLi were
calculated based on a CAM-specific capacity of 190 mAh g~'. The
impedance was measured with an amplitude of 10 mV from 3 MHz
down to 100 mHz. The fitting was done using a serial connection of
one resistor, two (R)(Q) elements, and one constant phase element,
i.e., R-(R)(Q)-(R)(Q)-Q, as simplified equivalent circuit. The high

frequency part (>10° Hz) is represented by a single resistor
associated with the SE separator. The two semicircles at mid-
frequency (~10°—10' Hz) and low-frequency (~10'—107! Hz) are
attributed to cathode and anode contributions similar to previous
studies.***"*! The impedance spectra were fitted using the RelaxIS 3
software package (rhd Instruments, Darmstadt, Germany). Each
impedance spectrum was tested for stationarity using the Kramers-
Kroning test.

After a resting period of 3 h, the cells underwent a formation
cycle at 0.05C. In the second cycle, the CAM utilization was
determined via coulometric titration comparison:*’ Each SSB cell
was charged with 0.05C to 3.1V vs In/InLi, held at that potential
until the current dropped below 0.005C or until reaching 3h,
followed by 3h of relaxation to determine the potential V;. An
impedance spectrum (“start”) was recorded. Then, the cell was
charged with 0.05 C up to 3.4 V, followed by 4 h of relaxation to get
the potential V,. As a quasi-OCP (titration) curve of the CAM, the
third charge of a liquid electrolyte cell at 0.02 C was taken as a
reference (Fig. S1). The liquid cell data was used to assign a
reference specific capacity value g,.wa to the potential range
determined by V; and V,. This value was compared with the
measured absolute charge Qpeasurea Of the solid-state cell, which
can be extracted with the analysis software. The actual electro-
chemically active mass, mcam.ac Was then calculated with Eq. 1:

Omeasured
MCAM,act = — s [1]

Dactual

The cells were charged to the upper cutoff, followed by a full
third cycle at 0.1 C. In the fourth cycle, the cells were charged at
0.1 C to 3.7 V vs In/InLi and this potential was held until the current
dropped below 0.01 C or until reaching 3 h. Then, impedance spectra
were continuously measured for 10 h while fixing the cells at 3.7 V
vs In/InLi. After reaching 3.1V vs In/InLi in the following
discharge, the cells relaxed for 3h before the last impedance
spectrum (“end”) was measured.

In an additional experiment, to monitor the evolution of the
charge transfer resistance (cf Figs. 5a, 5c¢ and S5), which is
contributing to the total cathode resistance, as function of the SoC,
a current of 50 pA (~64 pA cm~2) was applied for 4 h, followed by a
relaxation period of 4 h. Then, impedance was measured and these
three steps were repeated for charge and discharge.

Long-term cycling.—All components in direct contact with the
chemicals were dried at least 12 h under vacuum with 120 °C, all
other components were dried at least 24 h at 60 °C. The C65 was
dried under dynamic vacuum at 300 °C for 24 h using a Biichi
vacuum drying furnace. All process steps were carried out in a
glovebox under inert gas atmosphere.

Cathode composites were thoroughly hand ground for 15 min
with an NCM:SE:C weight ratio of 65:30:5. Li6PS5CI (NEI
Corporation, Somerset, NJ, USA) and C65 (Timcal Deutschland
GmbH, Diisseldorf, Germany) served as SE and carbon additive
respectively. Cells were assembled in ASC-A+ cell casings (Sphere
Energy, Paris, France) with a diameter of 8 mm made out of PEEK.
First, 42 mg of LPSCI were inserted and compressed at 100 MPa for
30s. Afterwards, 12 mg of composite cathode was inserted, dis-
tributed carefully and compressed with the SE separator under
370 MPa for 3 min. Finally, an indium disc (7 mm, 100 um thick-
ness, 24 mg) and a freshly rolled lithium disc (4 mm, 100 pm,
0.9 mg) were added. An 8 mm stainless steel disc was inserted and
the cell was sealed using nylon ferrules (swagelock) and fastening 6
screws with 2 Nm each, resulting in an applied stack pressure of ca.
80 MPa.

Cell cycling was performed at 45 °C in a Binder KB115 climate
chamber using an Arbin LBT battery cycler. Before the first charging
step, cells were rested for 6 h to allow for (In/InLi)x alloy formation
and temperature equilibration. The currents for the galvanostatic
cycling between 2.0 and 3.68 V vs In/InLi were calculated based on
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a CAM-specific capacity of 190 mAhg~'. Between charging and

discharging in constant current mode the cells rested for 15 min. Leoating ]

Results

XPS-based pre-characterization of coating morphology and
composition.—Novel coatings are typically first analyzed with
respect to their morphology and composition to assess whether the
deposition process was successful. In a previous work, we have
already discussed the challenges of characterizing nanometer-thin
protective CAM coatings.** Common methods include energy-
dispersive X-ray spectroscopy (EDS), combined with electron
microscopy techniques, such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). While TEM,
for instance, provides valuable morphological information such as
coating thickness, it offers poor statistics and often suffers from
demanding and time-consuming sample preparation which limits the
exploration of a broader coating process parameter space.

In our proposed approach, XPS is employed as a pre-character-
ization technique for quality control. This method delivers statistical
information by simultaneously probing signals from more than 1000
particles (Figs. 2a and S2). Furthermore, sample preparation is
comparatively easy, the measurement can be automated, and
multiple samples can be analyzed in one session. From the XPS
measurements, the coverage y can be calculated (Eq. 2), serving as a
parameter to semi-quantitatively compare different coatings and
processing conditions:
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Coverage values range from 0 to 1: A y value of 1 (or close to 1
above a certain threshold value) indicates that no signals from the
underlying CAM are detected, meaning that the particles are
conformally covered by a coating layer of at least 5-10 nm thickness,
which roughly corresponds to the XPS information depth. It should
be noted that coatings of different thicknesses above 10 nm cannot
be distinguished by XPS; all yield a coverage of 1. Moreover, y does
not provide information on coating thickness uniformity. Coverage
values below 1 indicate that either the coating is thinner than 10 nm,
or it is a non-conformal layer (Fig. 2b). A thin but fully covering
coating may produce similar y values as a thicker, but only partially
covering coating. Thus, a coverage below 1 does not necessarily
indicate a bad coating quality as some coatings are intentionally
designed in the single-digit nanometer range.'***** Especially in
this case, coverage values should be interpreted carefully and
verified with complementary techniques such as TEM, as demon-
strated previously.'"® Additionally, it should be noted that real
powder topography, including surface roughness and variations in
particle height within the probed area, can influence XPS signal
intensities and therefore affect the absolute y value. While the
schematics in Figs. 2a, 2b represent an idealized surface, y remains
useful as a comparative metric across samples measured under
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Figure 2. Results from XPS as pre-characterization technique. a) Schematic illustrating the size ratio between incident X-ray beam and investigated particles. (b)
Meaning of different coverage values y for the coating morphology. (c) Proof of concept for Li;PS; coated NCM85, showing that the coverage values reflect the
trend in coating amount, respectively thickness. (d) Coverage values determined for the coatings investigated in this study. Error bars represent an estimated

uncertainty of 5%.
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Figure 3. Effect of cathode composite preparation on the initial electro-
chemical decomposition. While the machine-made composites show compar-
able and small amounts of initial decomposition charge, the hand ground
composites are less reproducible and lead to more electrochemical decom-
position.

identical conditions. For many coating chemistries, the XPS infor-
mation depth of 5-10nm should be sufficient'*'***" to assess
whether the deposition process was successful. Effects such as
aggregated or detached coating particles, forming off-particle coating
domains, lead to exposure of bare CAM surfaces, which will lead to
coverage values below a certain threshold value for y, indicating
inferior morphological coating quality. Accordingly, this XPS
approach is reasonable as a pre-characterization within an efficient
benchmarking framework.

Figure 2c depicts the calculated coverage values for samples with
different wt% of Li3;PS, coating on NCM85, which corresponds to
the type of Coating-02. The expected trend of increasing coverage
with higher coating amounts is clearly reproduced. The reduced
coverage observed after annealing is also captured and was attributed
in our previous work to partial evaporation and aggregation of the
coating.'® The coverage values of the samples investigated in this
study further reveal clear differences (Fig. 2d): While Coating-02,
Coating-03 and Coating-06 show a coverage close to 1, the other
coatings exhibit lower coverages in the range of 0.4-0.5.

Importance of the composite mixing process.—The performance
of coatings can only be reliably compared if a standard operation
procedure for the SSB cell assembly is established. This includes the
fabrication pressures'® as well as the preparation of the composites.>’
As shown in a previous study, different mixing procedures can lead to
significant performance variations for nominally identical cells.?” This
aspect is particularly critical when investigating interfacial degradation
phenomena. As depicted in the differential capacity plots of the first
charge for cells employing Uncoated-Ref as CAM with the same SE
(Fig. 3), the initial SE decomposition charge'*" also referred to as
“shoulder capacity”* and attributed to electrochemical SE oxidation
below 3 V vs In/InLi, varies systematically depending on the mixing
method. Machine-prepared composites exhibit lower and more
reproducible decomposition charges, whereas hand-ground compo-
sites show higher and less reproducible values. These findings
demonstrate that composite preparation affects the resulting electrode
microstructure and interfacial characteristics. Therefore, meaningful
comparison of different coating materials requires identical and
reproducible mixing conditions. In this study, all composites were
prepared using a mini vibrating mill to ensure consistency.

Metrics from electrochemical short-term benchmarking.—
Valuable metrics can be extracted already from the first cycles. In
the initial formation cycle (Fig. S3a), Uncoated-Ref achieves the

second highest charge capacity (228 mAh g™"), but only the second
lowest discharge capacity of 189.8 mAh g~'. Apart from Coating-
04, all coatings achieve higher initial discharge capacities with
Coating-03 and Coating-06 reaching up to 206 mAh g~ '.

As already discussed, it is essential to account for the static CAM
utilization, which describes the fraction of active CAM particles,
when comparing capacities. In the tested composites, CAM utiliza-
tions above 95% are achieved (Fig. S3b), indicating a reproducible
and successful mixing process. If such a reproducible mixing process
is established, a significantly lower CAM utilization points to a
coating, typically electron blocking, that is too thick.

The active specific discharge capacities of the first three cycles
(Fig. 4a) already reveal differences between the coatings. Coating-
01, —02, —03 and —06 deliver higher discharge capacities than
Uncoated-Ref. Thereby, the differences between the best three
coatings are negligible providing about 205 mAh g~' at 0.05C
and 195 mAh g~ ! at 0.1 C. The capacity of Coating-01 drops by 36%
from 202 mAh g~ ' in the first discharge to 181 mAh g~ ' in the
second discharge, indicating worse kinetics, for instance due to
increased degradation, compared to the top performers. Notably,
Coating-04 and Coating-05 deliver lower capacities than the
reference.

A similar trend is visible in the initial Coulomb efficiency (ICE)
depicted in Fig. 4b. Here, all coatings achieve higher values than the
bare NCM, partially exceeding 90%. The ICE contains not only
information on the initial decomposition charge and contact loss but
also on the NCM relithiation kinetics.’> Kaeli et al.>> have shown
that the first cycle capacity loss in SSBs contains contributions from
reversible and irreversible SE oxidation, as well as sluggish NCM
redox kinetics. The latter one has already been well known for liquid
electrolyte systems.’>>* The effect of electrochemical oxidation of
the SE is mainly visible as charge below 3 V vs In/InLi, most notably
in the first cycle.'> ! However, in the differential capacity plot of the
first charge (Fig. S4a), only minor differences are visible among the
coatings. It should be noted that at higher potentials, further SE
oxidation can occur, and the different coatings may provide varying
degrees of protection against this process. Differences in ICE should
also be attributable to different relithiation kinetics. This hypothesis
is supported by the differential capacity plots of the first discharge
seen in Fig. 4c. The kinetic hindrance peak (KH)53 is most
pronounced for Coating-03, which also reaches the highest ICE of
92.7%. This feature is also visible for Coating-02 and —06 but absent
for all other samples. In theory, additional discharge cagacity can be
harvested by applying and holding a low cut-off voltage™ to mitigate
losses from the reversible SE oxidation and sluggish NCM redox
kinetics. However, these cycling conditions are not feasible in
practice, and the corresponding losses cannot be circumvented.

The ranking of the coatings based on the differential capacity
plots changes over cycles. While the overpotential during the first
charge of Coating-04 and Coating-05 is similarly higher than for the
bare reference (Fig. S4b), Coating-05 gets worse during cycling as
seen in the dQ/dV plot of the fourth cycle (Fig. 4d) indicating that
more degradation has happened. While Coating-01 shows an over-
potential comparable to that of the top three performing coatings in
the first cycle, it is significantly worse in the fourth charge. The
overpotentials of the best three coatings (Coating-02, —03 and —06)
are similar during the first four cycles.

Pitfalls during impedance analysis.—Before discussing impe-
dance data for the different coatings, some important general
considerations need to be addressed. Electrochemical impedance
spectroscopy (EIS) is a powerful technique to decouple and identify
resistance contributions and their evolution over time.*® It has been
successfully applied to show that coatings can mitigate the cathode
resistance increase compared to uncoated references.'****° EIS of
cells with a coated and uncoated CAM is usually measured after
charge/discharge.>"’

The top part of Fig. 5a illustrates problems with this approach,
when extracting impedance contributions Z;. The shape of the
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Figure 4. Electrochemical metrics from short-term benchmarking. (a) Specific discharge capacities, normalized by the active mass, for the first three cycles, (b)
Initial Coulomb efficiency, (c) differential capacity profiles of the first discharge, (d) differential capacity profiles during the fourth galvanostatic charge.

Nyquist plots varies with SoC, leading to an overlap of time
constants of different processes. At high and low SoC, these overlaps
prevent clear distinction, and fitting the corresponding spectra
becomes more error-prone, if possible at all. This limitation is less
critical when simply comparing coated and uncoated samples, as
their impedances usually differ strongly (Zpare > Zcoatea)- Yet, when
comparing different effective coatings, a more precise and quanti-
tative impedance analysis is required.

For the fitting of the impedance spectra, an equivalent circuit of
the form Rsepﬂralor'(Rcalhode)(Q)'(Ranode)(Q)'Q was apphed in this
work. It must be noted that the cathode-associated resistance Rc,hode
consists of multiple contributions, as expressed in Eq. 3:

RcaLhode = RCT + Rconslriclion + RCEI + Rmcksall [3]

The SoC dependence of the charge transfer (CT) resistance R, is
well-known and follows a U-shaped curve as function of SoC.>*™!
R can be regarded as an intrinsic property of intercalation CAMs,
determined by the lithium concentration in the material.>® As shown
for Uncoated-Ref in Figs. 5a and S5, R.ymode €Xxhibits the expected
U-shaped behavior.

It is important to note that for the tested samples, the OCV relaxes
during 3 h after charging to 3.7 V (Fig. S6), leading to different SoCs at
which the impedance is measured. The maximum deviation is AU .x =
46 mV (Fig. 5b). This seemingly small voltage difference corresponds
however to a resistance difference of ~24 Q-cm? in the first and ~57
Q-cm? in the second cycle (Fig. 5¢). Since Rcynode behaves similarly
during charge and discharge after the first cycle (Fig. S5), we attribute
this resistance evolution primarily to R.. This means that, when
measuring EIS after charge, an error of 30%-40% can arise solely
from variations in SoC. Therefore, conducting EIS at the same SoC is
imperative for a quantitative comparison of different coatings.

During the benchmarking program, the impedance evolution is
tracked at different SoCs. Exemplary Nyquist plots for Uncoated-Ref
are depicted in Fig. 6a: the upper panel displays spectra at medium
SoC (3.1 V vs In/InLi), the lower panel spectra at high SoC, i.e., after
charge and during the 10 h potential hold at 3.7V vs In/InLi. As
expected, the semicircle in the mid-frequency range (~10°-10" Hz),
attributed to Rcamode, €VOlves over time and is SoC dependent.

Comparing Reamode at 3.1V vs In/InLi (Fig. S7), differences
among all samples emerge (Fig. 6b). For Uncoated-Ref, R.anhode
increases by 68% from 22 to 37 Q-cm®. A significant improvement is
achieved with Coating-02, —03 and —06 which show lower absolute
(<8 Q~cm2) and relative (<33%) impedance increase, indicating
better protection against interfacial degradation. In contrast, the other
coatings cannot be considered as promising in this regard: While
Coating-01 shows a lower relative resistance increase (55%)
compared to Uncoated-Ref, it starts from a higher absolute resis-
tance. The same applies to Coating-04 and Coating-05, both even
exceeding a final resistance of 50 Q-cm?.

Significant (electro)chemical degradation occurs at high SoC,*
making the holding step at high potential (3.7 V vs In/InLi) particularly
relevant. The impedance spectra for all samples are displayed in Fig. S8.
Consistent with previous works by Zuo et al. > and Witt et al.,*' Reathode
increases linearly with the square root of time during the 3.7V hold
(Fig. 6¢), indicating a diffusion-controlled process. The slope of this
increase corresponds to the rate constant, which varies significantly
among the coatings (Table S1). A similar ranking to that in Fig. 5b
emerges: Coating-04 and —05 perform worst with slopes of up to
40 Q-cm®h™%°, whereas Coating-03 and —06 perform best with only
about 3 Q-cm®h ">, compared to ~15 Q-cm*h~*° for Uncoated-Ref.

In the previous works,*™*' this impedance increase was assigned
purely to CEI growth. However, Fig. 6d challenges this interpreta-
tion: Here, the resistance increase during the 3.7 V hold (Fig. 6c¢),



108

7. Coatings in Control

Journal of The Electrochemical Society, 2026 173 070501

2

“E 60 NE 15| NE 60
§4n ....... ; 10, CGao
%20 } % ’ / 'm""\/ gzo "'""'—\_’
50 100 150 20 30 40 50 ‘ 50 100 150
Re(2)/ Q-cm® Re(2) / Q-cm? Re(Z)/ Q-om?
A A A
T L] L] Ll
400 = 1st Charge I
= 2nd Charge . -
+ 9 high SoCy =
S 300 ) H 1
c medium SoC -
-~ low SoC
2200 F o J
o ]
o W
S o
o 100 el 0 . L
"spg g g = muu *® "
n
-
e TR
0 A AL L L L
3.0 3.2 3.4 3.6 3.8
Voltage vs. In/InLi/ V
a0 . . . . . — T T T r
b. [] Relaxed OCV 3h after charge to 3.7V (3. Charge) C. 400} - - 1stCharge 1
- =~ 2nd Charge o
>
53651 1. 300} S
E — £
£ 48 mv ° o
8360} 1G 2
== ~, 200 " -
S 2 =
o -
s £ e 57 Q-cm? #*
=) L ] . ”
=3:55 < 0l o emv e ]
| i = -l
_w—=="""Toaqcm
3.50 L— . v . v . . F--——~-™" 46 mV
@ & S e F e °r ]
AN A T 3.50 355 360 365 370
p I & &F &F F F P - . d ! »
N Voltage vs. In/InLi/ V
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AR ahode (@3.7V), is compared with the increase in cathode
resistance measured at 3.1 V, AR yhode (@3.1V), at the beginning
and end of the benchmarking program (Fig. 6b). The data clearly
show that AR umode (@3.7V) > ARiathode (@3.1V), thus the CEIL
growth appears to be significantly overestimated based on the high
voltage hold data. Three hypotheses may explain this observation:

1. Redox-active CEI: The CEI formed during the high voltage
hold, is partially redox active®>* and reduced upon lowering to
3.1 V. However, this conflicts with known reduction potentials,
which lie well below 3 V vs In/InLi.”>¢>6

2. Contact loss: Volume shrinkage of NCM during hold at 3.7 V vs
In/InLi®’ could cause contact loss, which leads to an increasing
constriction contribution®® to the resistance.

3. Continuous SoC change: Li-ion extraction from the NCM may
continue during the holding step, gradually shifting the SoC.
Given the steep U-shaped R, dependence in this region, even
small SoC changes could yield noticeable impedance increases.
Supporting this hypothesis, a small but measurable current
(15-1.5pA) is detected during EIS measurement (Fig. S9),
although this current could also stem from continuous electro-
chemical SE oxidation.

Although CEI growth may be overestimated during the high-
voltage hold, the measurements reveal clear differences between the
coatings, reflecting their protection capability against interfacial
degradation and enabling a ranking. Regardless of the exact
mechanism, which might also overlap, it remains essential for
reliable benchmarking and comparison of CAM coatings, that EIS
measurements are always conducted at the same SoC across all
samples.

Discussion

Limitations, extensions and future benchmarking challenges.—
Based on the presented time efficient short-term benchmarking, the
most promising coatings can be identified reliably within one week.
In this study, these are Coating-02, —03 and —-06. Coating-02
corresponds to the artificial CEI coating,** for which further process
optimization can lead to further performance improvement.'® While
this approach should therefore be considered promising, it requires
further work before extended testing. The two most promising
coatings, Coating-02 and —06, show comparable performance and
warrant further investigation. Within the proposed benchmarking
framework, no clear ranking between these two samples is possible.
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Limited insight into coating kinetics and no information on chemo-
mechanical degradation over the long term is provided. To reliably
rank the best coatings and to better understand their working
principle, complementary tests would be needed, including long-
term cycling, C-rate tests, and post-mortem. In the following, the
associated challenges with respect to reliability, comparability and
reproducibility will be discussed that will go in hand with such tests.

To evaluate the kinetic properties of the coating in detail, C-rate
tests should preferably be performed in a three-electrode (3E)
setup.”>*~"! In a two-electrode (2E) setup, the measured cell kinetics
can be limited by anode kinetics at higher rates.”'~”* For the tested
cells with Uncoated-Ref, Coating—03 and Coating—06 (Figs. S10)
1 C corresponds to ~2.3 mA c¢m ™2, which can already induce a non-
negligible, unknown anode overpotential that cannot be resolved with
2E. If this overpotential is not reliably reproducible, C-rate results
become prone to misinterpretation, especially if the differences
between coated samples are small. Even when the cathode kinetic
performance is isolated via the 3E setup, the microstructure, defined
by the composition of composite, the mixing process as well as the
areal loading strongly affect the rate performance,””>® in addition to
the coating and interfacial degradation. In our previous work, we
showed that capacity variability increases with C-rate, even for
identical materials.”” Thus, the coating is not necessarily the decisive
factor for apparent differences in kinetic performance. Accordingly,
the results of promising coatings should be carefully evaluated,
preferably based on measurements performed in at least duplicates
from independent composite batches, to reduce variance and avoid
erroneous conclusions.

Data from multiple cells is also required for a reliable assessment
of long-term cycling performance. Long-term cycling tests provide
valuable insights into chemo-mechanical degradation, such as
contact loss and particle cracking.'> However, to be meaningful,
this approach requires detailed data analysis that goes beyond simple
comparison of capacity values, as demonstrated by Conforto et al.>’
It is important to note that the capacity retention is a property which
depends on many factors beyond the coating itself. In electroche-
mical testing, the performance of the entire cell is probed and not just
that of the coating. Figure 7a demonstrates that Coating-03 and
Coating-06, identified as most promising by the short-term bench-
marking, indeed also deliver sustained improved performance over
multiple cycles, providing an initial validation of the pre-screening
approach. However, upon extending the cycling to higher cycle
numbers (Fig. 7b), cells using Uncoated-Ref as CAM, which initially
exhibited similar cycling behavior, begin to show increasing
divergence in performance. After 500 cycles at 1 C, cell 1 retains
only 64% of its initial capacity, while cell 2 reaches 75%. This
divergence arises because multiple degradation mechanisms can
emerge over time in an uncontrollable way and significantly
influence long-term performance. A coating can only enhance the
interfacial stability at the CAMISE interface, potentially mitigating
degradation and contact loss, whereas degradation processes at the
anode interface®®’"’* or elsewhere may still dominate long-term
stability. Hence, a stable and practical reference electrode is crucial
for meaningful long-term evaluation. In general, isolating the effect
of the coating and attributing variations in long-term cell perfor-
mance solely to it remains challenging.
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While long-term cycling tests remain reasonable and necessary
for later stages of coating development, they are inefficient, error-
prone, and restrict the parameter space that can be explored in early
research. Moreover, long-term cycling data complicate the identifi-
cation of promising coating strategies across different studies, given
the poor reproducibility and comparability of SSB performance in
general, as recently demonstrated by Puls et al.'®. In addition, results
from different studies are only comparable if similar cycling
conditions are applied. This includes not only the voltage range,
but also the duration at high SoC leading to increased calendar aging.
Cycling in constant-current (CC) mode, with short resting times after
charge, improves stability, but is far from practical conditions.
Figure 7c shows that capacity fading depends on both C-rate and
charging mode. Stronger fading occurs at 0.33 C compared to 1 C in
CC mode. This can be explained by the high overpotential at 1 C,
which prevents NCM particles from undergoing the H2—H3
transition (Fig. S11). Since this phase transition is associated with
severe volume shrinkage®” and chemo-mechanical degradation, cells
cycled at 1 C appear to retain capacity better. When using constant-
current-constant-voltage (CCCV) charging at 1C, fading is more
pronounced. These results highlight that fair comparisons of capacity
retention across different studies are only possible under identical
cycling conditions. Unfortunately, no standardized electrochemical

testing protocol for long-term cycling exists, and developing one is
challenging due to the complexity of application scenarios.”’
Nevertheless, we encourage to test coatings under rather harsher
conditions, such as longer resting times after charge or CCCV
charging protocols, to better reveal degradation effects.

Post mortem analysis of degradation products can provide
additional metrics to quantitatively compare coatings and reveal
their working principles, i.e., whether more electrochemical or
chemical oxidation by oxygenation is prevented.> Such analyses
need to be (semi-)quantitative and sensitive. A correspondin%
approach was presented and discussed in depth by Hertle et al.”
using ToF-SIMS combined with principal component analysis.
While ToF-SIMS is a powerful technique, its application to battery
materials is challenging, requiring careful sample handling and data
analysis. A detailed discussion of SIMS applications in battery
research, including pitfalls and best practices, is provided by
Lombardo et al.?

Interfacial degradation studies can be effectively combined with
high-temperature storage experiments, which are application-rele-
vant since coatings must prevent degradation at temperatures above
40 °C.3>3 As shown in previous publications, the SE does not only
degrade via polysulfide formation at the CAMISE interface but also
at the interfaces toward carbon additives and the current collector.>*?
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To isolate the effects of the CAMISE interface, carbon additives
should be omitted from the composite,° and a modified current
collector, as proposed by Hertle et al. should be employed.”

Final remarks on comparability.—Beyond the discussed as-
pects, it is important to note that many properties of CAMs in
composite cathodes are not governed by the coating alone. Particle
size of the CAM, for example, must be similar to allow a fair
comparison across different studies, since it affects the diffusion
kinetics within the CAM particles. While smaller CAM particles are
advantageous in this regard,>>’® coatings can only marginally
influence the CAM-intrinsic diffusion kinetics. Likewise, tempera-
ture has a strong impact on degradation processes and cycling
performance (cf Figs. 7a and S10) and needs to be constant across
studies for a fair comparison. Therefore, meaningful benchmarking
requires such variables to be standardized, or at least carefully
reported, to enable a certain degree of reliable intra- and inter-
laboratory comparability.

Conclusions

The presented short-term benchmarking enables rapid identifica-
tion of promising and less promising coatings within one week,
significantly expanding the accessible process parameter space. By
including a short-term aging step, the CAMISE interface is particu-
larly probed, and degradation is quantified via impedance analysis.
Given a reproducible cathode composite mixing process, quantifica-
tion of the CAM utilization further indicates whether typically
electron-blocking coating is too thick. A coating, that performs
well in this short-term test, will not necessarily excel in the long
term, as limited information on transport kinetics and chemo-
mechanical degradation is provided. Nevertheless, it is unlikely
that a coating, performing poorly in the short-term benchmarking,
will outperform others over longer cycles. Consequently, the ranking
obtained from this approach can be used to optimize coating
processes in a substantially shorter time. Follow-up experiments
are necessary but, as discussed, need to be carefully conducted to
avoid misleading conclusions.

This benchmarking framework is broadly applicable and easily
adaptable, offering an efficient alternative to long-term cycling tests,
particularly in the early stages of CAM coating development. While
it does not directly assess capacity retention, it delivers a similar
range of metrics as long-term tests, with the advantages of greater
reliability and time efficiency (see Table S2 in the Supplementary
Information for a concise overview and comparison). This makes the
approach especially suitable for integration with machine learning or
design-of-experiment studies.
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8 Conclusions

This dissertation connects physico-electro-chemical understanding and process development
in SSB research, focusing on microstructures and protective CAM coatings for composite
cathodes. It highlights that process engineering, in the form of composite mixing and the
systematic exploration of coating process parameters, is a decisive factor for reproducibility
and reliable assessment of electrochemical performance in SSBs.

Coulometric titration comparison, a facile electrochemical in-situ method, was used and
validated to quantify the CAM utilization, i.e., the fraction of electrically connected CAM
particles in the composite cathode. This microstructural property enables a detailed analysis
of capacity losses, distinguishing between static losses, originating from electrochemically
inactive CAM particles, and kinetic losses, which reduce the achievable capacity during
cell operation. This differentiation allows for a more accurate and reliable evaluation of
material performance, especially at early stages of SSB development. Without knowledge of
the CAM utilization, capacity data, particularly when investigating new solid electrolytes,
active materials, or coatings, is prone to misinterpretation.

Applying the coulometric titration comparison method to a representative model system
comprising single-crystalline NCM82 as CAM, LPSCl as catholyte, and CNFs as conductive
additive, it was demonstrated that the mixing process can induce significant scatter in the
measured capacity values, even for identical materials. These variations arise from differ-
ences in CAM utilization caused by the mixing process, highlighting that electrochemical
performance depends not only on intrinsic material or interfacial properties, but also on
the underlying microstructure and ultimately on the processing, particularly the mixing
strategy. The CAM utilization thus serves as a reliable microstructural descriptor to assess
mixing quality and ensure reproducibility and comparability of electrochemical results.

The importance of the cathode composite mixing process was further addressed by
investigating a scalable dry mixing approach based on mechanofusion. This process
enables the tailored engineering of composite microstructures with improved interfacial
contacts. In particular, a model coating system composed of LIC and CB was used to apply

mixed conducting matrix coatings on single-crystalline NCM82. The influence of process
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parameters on the morphology of the coatings was systematically studied experimentally
and linked to process simulations. The electrochemical performance was found to be
highly sensitive to the coating composition, revealing a trade-off between high static CAM
utilization and fast kinetics, without further optimization. Overall, mechanofusion-derived
mixed conducting matrix coatings represent a promising microstructural design concept,
which is the direct result of advanced processing and provides a viable pathway toward the
production of high-performing SSB cathodes.

Coatings were also investigated in the second part of this thesis, focusing on thin
protective coatings to mitigate degradation between polycrystalline NCMS85 and the sulfide
catholyte LPSCl. As a model coating precursor, LPS was applied, and the coated particles
were annealed to create an artificial CEI coating composed of oxygenated species. This
study demonstrated the strong influence of individual process parameters, in this case
the annealing temperature, on coating morphology, composition, and eventually overall
cell performance. These findings underscore the necessity of moving beyond simple
proof-of-principle coating studies toward more systematic investigations that account for a
broader range of process parameters already at early stage of research. In this context, the
importance of efficient and effective benchmarking methods becomes evident. To address
this, a practical and time-efficient benchmarking approach is proposed, combining an
XPS-based pre-characterization and electrochemical evaluation with a focus on impedance
evolution during short-term aging. This aims at accelerating the reliable identification and

optimization of promising coating strategies.

Overall, this dissertation hopefully advances the reproducible, reliable, and standardized
testing and evaluation of SSB composite cathodes as well as protective CAM coatings. The
methodologies and analytical approaches developed in this work are directly transferable
to other material systems and battery chemistries. They lay the groundwork for a more
systematic and comparable evaluation of composite cathodes and CAM coatings. By
establishing robust tools and performance metrics, this work provides a scientific foundation
that enables a deeper understanding of structure—performance relationships and accelerates
the knowledge-driven development of high-performance SSB cathodes and coatings across

different TRLs — in both academic and industrial contexts.



9 Outlook

The knowledge developed in this thesis can be applied in future research at different
levels, from fundamental understanding to processing strategies. The following paragraphs

summarize potential directions, directly or indirectly derived from the work presented here.

Material Level Based on the concepts of Publications I and II, new material systems can be
more reliably explored. This includes high-energy materials such as LNMO, which need to
be paired with suitable SEs or coatings to prevent interfacial degradation. The search for
novel coating materials should extend beyond proof-of-concept studies to include exploration
across a wider process parameter space, supported by rapid benchmarking methods as
proposed in Publication IV and V. In this context, CAM doping strategies established in

203

conventional LIBs“"’ can be revisited to determine their relevance and effectiveness for SSBs.

242,243

Moreover, cathode material blends, which are emerging in the field of LIBs , could be

systematically evaluated for possible beneficial effects, e.g., on the chemo-mechanics!®’.

Fundamental and Mechanistic Level The roles and mechanisms of aging and self-discharge
in SSBs are still poorly understood despite their critical importance, especially for stationary
storage applications. Future systematic and quantitative studies should evaluate how
coatings and SE properties influence these effects, as initially addressed in Publication V.
Thereby, different protocols for formation cycles may have a significant impact on interface
chemistry and stability. Understanding and tailoring these formation cycles could enable
the controlled formation of beneficial interphase layers.

EIS might allow a complete characterization of cathode composites regarding mixing
quality, microstructure, and interfacial properties. While Publications I and II of this thesis
quantified static capacity losses in terms of CAM utilization, the work of Minnmann et
al.”® already quantified charge transport through composites. The remaining challenge is
quantifying the interfacial contact quality. Recently, Kawaguchi et al.? reported that EIS can
be used to quantify the CAM | SE interfacial contact. Combining all three approaches could

allow a detailed and holistic assessment of cathode composites.
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General open research questions remain regarding the impedance spectra of composite
cathodes. So far, no generalized, universally applicable, and accepted impedance model
exists. The use of distribution of relaxation times (DRT) analysis has recently become popular,
but the fundamentals for SSBs are not yet fully understood.???** Impedance modeling
could clarify whether, and to what extent, SSB full cells and cathode composites can be
accurately analyzed via impedance, given their complex three-dimensional structure, to

avoid overfitting and misinterpretation.

Processing Level From a processing perspective, the scalable mechanofusion-derived
mixed conducting matrix coating approach warrants further investigation. First, a highly
conductive sulfide SE and CNFs as an electron conductive additive should be tested as
coating components. Therefore, a suitable composition of the matrix and optimized process
parameters need to be found. Once established, a binder must be successfully incorporated
for manufacturing dry electrodes.”®?4 These electrodes should then be tested in pouch cells

under realistic conditions, including low stack pressure, to assess industrial viability.

Final Remarks Apart from material and process innovations, bringing SSBs closer to
commercialization requires better collaboration, reporting, and standardization. Improved
collaboration between fundamental science, engineering, and industry is desired to account
for the interdisciplinary challenges of SSBs. Combining the experience, equipment, expertise,
and perspective of different groups can create synergies. Transparent and detailed reporting
is another crucial aspect.>#?21222 This includes experimental details but also the reporting of
negative results, such as coating process conditions that did not lead to improvements. The
lack of standardization is probably the most important but also most challenging issue. It is
questionable whether establishing standardized testing methods for mechanical properties”®
or application-realistic electrochemical testing protocols is realistic in the SSB field. Even for
LIBs, there is currently no worldwide standardized electrochemical testing program.220
Although financial and competitive pressures pose barriers to the above-mentioned
aspects, especially in a rapidly growing market, improving reproducibility and comparability

is crucial for true advancements in SSBs.
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1. Experimental details

For all experiments, single crystalline LiNig g,C0¢.11Mng o7 (MSE Supplies LLC, Tucson, AZ, USA) was
used as cathode active material (CAM). This material was further used in solid state battery cells
(SSB) and liquid electrolyte battery cells (LIB). Cell assembly and storage were done in an argon-
filled glovebox, with oxygen residues of p(0,)/p < 1.0 ppm and water residues of p(H,0)/p <
1.0 ppm.

1.1. SSB assembly
The composites were mixed in a mini vibrating mill (Pulverisette 23 from Fritsch GmbH, Idar-
Oberstein, Germany) using 6 ZrO, balls with 5 mm diameter at 30 Hz for 15 minutes.
Commercially available LigPSsCl (Argyrodite-CSMP from Posco JK Solid Solution, South Korea) was
used as catholyte without further modification. The composites had different mass ratios, while
the total mass of 200 mg was kept constant. For certain composites, carbon nanofibers (product
number 719781 from Sigma-Aldrich, Sainz Louis, MO, USA) were used as conductive additive.

For the electrochemical half cells, an in-house made cell casing was used, and the assembly
followed a standardized protocol: First, 80 mg of LigPSsCl (NEI Corporation, Somerset, NJ, USA)
were filled in the mold and pressed by hand. 15 mg of the prepared cathode composite were
evenly distributed on top of the separator and pressed by hand. The cell was afterwards pressed
uniaxially at 375 MPa for 3 min. Then, as anode, an indium foil (Alfa Aesar, 99.99%, 9 mm
diameter, 100 um thickness) and a lithium foil (China Energy Lithium, 6 mm diameter, 100 um

thickness) were placed on the bottom side of the separator.

1.2. LIB Assembly
For the preparation of LIB cathodes, a conventional tape-casting method was employed within
Ar atmosphere. The slurry comprised a mixture of NCM, carbon, and binder at a weight ratio of
94:3:3, using N-methyl-2-pyrrolidone (NMP) as solvent and was cast onto aluminum foil. The
materials used were NMP (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), SuperP carbon

(MSE Supplies LLC, Tucson, USA), and PVDF (Arkema France, Colombes Cedex, France) as binder.
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Resulting cathodes had 12 mm diameter and were pressed at 200 MPa. Within the experiments
different loadings from ~5-10 mg/cm? were used. Currents/C-rates were calculated based on a
practical capacity of 200 mAh/g, resulting in areal capacities of ~1-2 mAh/cm?2. Low cathode
loadings are desired for CTC as explained in the main text. For CTC, simple two-electrode setups
are sufficient, if the anode potential is constant. Thus, coin cells were assembled from a lithium
chip (MSE Supplies LLC, Tucson, USA) with a diameter of 14 mm and a thickness of 600 pm and a
glass fiber (GF/D — Whatman, Global Life sciences solutions USA LLC, Marlborough, USA) and a
Celgard® 2325 separator (Celgard LLC, Charlotte, North Carolina, USA) and the cathode. As LE,
70 pl of LP57 (EC:EMC 3:7 (wt) + 1 M LiPF6) (BASF SE, Ludwigshafen, Germany) was used.

1.3. Electrochemical protocols
For electrochemical testing a BCS-805 Battery Cycling System (Bio-Logic, Seyssinet-Pariset,
France) was used. To obtain the LIB coulometric titration curve, two formation cycles with 0.1C
were applied between 3.0 and 4.3 V. Then pulses were applied with either 0.1C for 10 min or
0.05C for 20 min with 2 h relaxation.

For CTC of the SSBs, the half cells were tested under a stack pressure of about 80 MPa at
25°C. After an initial OCV period of 6h, the half cells were subjected to a formation cycle at 0.05C.
Then the cells were charged at 0.05C to 3.1/3.2/3.3/3.4/3.5 V vs In-InLi, each time followed by at
least 8 h of OCV relaxation. As a last step, they were charged to 3.53 V vs In-InLi, held at this

potential for 12 h as preparation for XRD.

The required time of titration measurements can in principle be shortened with a minimum limit
for the potential change during relaxation dV/dt. This might be valuable to minimize effects of
self discharge, e.g. for unstable electrolytes. It has to be noted that the application of such limits
was not employed here, as the SE showed great stability and the dV/dt limits showed to be

sensitive to fluctuations especially at the end of relaxations where dV/dt < AV from voltage noise.

1.4. XRD measurement and refinement
X-ray diffraction was conducted using an Empyrean 2 powder diffractometer (Malvern
Panalytical) with a Cu source in reflection mode. The SSB pellets were extracted from the cell

housing and measured in a dome containing Ar atmosphere. Topas software was used for
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Rietveld refinement and a LaBg standard measurement was used to obtain the instrumental
resolution functions. Due to height deviations of the pellets, a variable zero-error function was
used for the different measurements. This height deviation is an explanation for the slight shift
in peak position between the pristine sample and the inactive mass phase of the composites.

Please refer to Sl section S4 for discussion of measurements.

2. Discussion of Assumptions and Errors during CTC

This chapter deals with uncertainties within the applied CTC procedure. First, the assumption of
completely connected active material in LIBs is tested, then the important errors of the titration
curve of the LIB reference are discussed in detail. Finally, the errors entering the CTC formulas

are quantitatively estimated.

2.1. Assumption of complete connection of CAM in LIBs
To test this, we have applied a slow 0.05C charge up to 5.0 V to a pristine cathode. The total
observed charge after an included hold at 5.0 V reveals a capacity above the theoretical one

(indicated by grey dashed line in Fig S1).
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Fig S1: Dis-/charge curve of first cycle (0.05C + 4 h hold at 5V and 24 h hold at 3 V) for two half cells (LIB). The
observed specific capacity 9 exceeds the theoretical capacity indicated by the grey dashed line.
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The observed charge certainly also contains contributions of parasitic currents and self-discharge
which are difficult to quantify. Nevertheless, we believe the assumption of complete connection
is justified as complete delithiation is kinetically hindered but capacities close to theoretical
capacity are observed. Furthermore, the reference measurement could also have active mass
utilizations below 100%, then all other measurements would show utilizations based on this

reference. Thus, also a comparison among different SSB cells could be meaningful.

2.2. Suitable materials for CTC
In principle, CTC is suitable for all insertion materials that show potential evolution in near-
equilibrium conditions when the stochiometry of the inserted species is varied. This applies to
many active materials in various battery chemistries, most prominently layered oxides from the
NCM family or LiCoO, (LCO)* which show solid solution behaviour over wide composition

ranges.

As mentioned in the main text, the comparison of titration curves is more complicated for
materials exhibiting extended voltage plateaus, where changes in stoichiometry lead to minimal
variation in potential. This behavior, characteristic of two-phase reactions and staging
phenomena, limits the sensitivity of voltage-based analyses to incremental composition
changes. This is the case for LiFePO, (LFP)?, LisTisO12 (LTO)3? or NasV,(POa)s (NVP)* exhibiting
large 2-phase regions or hard carbon (HC)°> anodes for Na-ion batteries, where a large voltage
plateau due to Na insertion into nanoporous regions is observed. For such materials, suitable
voltage windows (extending over the voltage plateaus) have to be chosen so that an evaluation

with CTC becomes meaningful.

For conversion-type materials, voltage hysteresis, multi-electron processes, and structural
rearrangements further decouple voltage response from stoichiometry,® as e.g. observed for

lithium reaction with transition metal oxides such as CoO/Co30, or Fe,0s.

2.3. Error estimation for titration curves
For a coulometric titration curve the relaxed potentials after titration, i.e., constant current steps,

are measured and plotted against the obtained charge. The error handling of such titration curves
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has not been done in detail in literature to the best of our knowledge but is very relevant
especially for CTC. Hence, the following sections discuss uncertainties of coulometric titration
during charging of NCM. Here, we present our approach, available as python script to be reused

by other researchers and give multiple suggestions on how to improve the procedure further.

2.3.1. Discussion on potential uncertainties
For the titration curve equilibrated potentials (OCP) are recorded. These should be possibly free
from contributions of other electrodes (best is 3-electrode setup). Here, we discuss several
influences on the potential. First, ongoing lithiation of the CAM, changing the equilibrium
potential and SoC (self-discharge), e.g. due to degradation of Li-containing compounds, in the
following denoted by Isa. second, incomplete relaxation, meaning that a lithium concentration
gradient from the CAM particle surfaces to particle centers leads to a diffusion controlled

potential change. Additionally, we account for the instrument error of the potentiostat.

2.3.1.1.  Instrument error

Instrument errors can be considered small since modern potentiostats measure currents and
potentials with very high precision. For instance, the used BCS-805 Battery Cycling System (Bio-
Logic, Seyssinet-Pariset, France) measures potentials with an accuracy of at least *0.01% of the
measured value *0.3 mV and currents with an accuracy of 0.05% * 0.015% of the current

range.” With an average voltage U~ 3.7V one calculates:

sU =+0.01% U £ 03mV = 0.7 mV (for U=3.7V) (1)

instr

2.3.1.2.  Incomplete relaxation and self-discharge

To gain an understanding of relaxation during titration, we have plotted dU/dt of an exemplary
LIB titration curve at the end of relaxation steps over OCP in Fig S2. Fig S2a reveals that dU/dt js
very dependent on the evaluation time. Even when the last 600 s of 2 h of relaxation (grey
datapoints) are linearly fitted, all dU/dt values are below zero and during discharge above zero,

indicating not completely equilibrated concentration gradients. Fig S2b shows interpolated and
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smoothed dU/dt over OCP curves for charge and discharge, corresponding to the blue datapoints

in Fig S2a. The orange curve is their average.
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Fig S2: a) Change in potential in time dU/dt after various evaluation times during relaxation in a LIB. Positive values
are from discharge, negative from charge. Deviation from zero indicates ongoing changes in lithium concentration
at the particle surfaces. b) interpolated and smoothed dU/dt cyrves and their average (orange curve). Thick lines
show interpolation with 100 datapoints and thin lines with 300.
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au
The final dU/dt after charge contains a contribution from incomplete relaxation 8¢™ and
au au

relax

from self-discharge Em, both with negative signs (opposite sign of 9t for discharge).

Calculating the average between dU/dt after charge and discharge (for the same potential/SoC)
au au
allows to separate ot (Eq 2). The value can be used to calculate 9t

relax

according to Eq 3.

ou ou au Q)
an ~ (E end of charge + E end of discharge)/z

au au au

Erelax = E end of charge ~ asd 3)

For calculation of a self-discharge current, which also affects the measured charge during
coulometric titration, please refer to Sl section 2.2.2.2. The following equations show how U
errors are calculated from both dU/dt contributions.

ou 4)

6U5d I Esd “Urelax

relax ~ Erelax “Lrelax frelax 5)

Here, we multiplied the potential change from self-discharge with the relaxation time tretax to
au

relax

estimate the influence of self discharge after one titration step (Eq 4). 9t is multiplied with
time trelax which is scaled by an arbitrary factor fretax , e.g. 2 (Eq 5). This factor assumes that the
ongoing (linear) relaxation would need more time to equilibrate. For our well relaxed potential
curves this appears reasonable but if the electrode of interest suffers from slow kinetics or the
aim is to save time, then other more sophisticated extrapolations for the relaxed potentials are

required.

To summarize: For the titration curve we used a symmetric statistical error due to the instrument

sU U

mstr and a negative-only contribution due incomplete relaxation ““relex and a positive-only
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contribution 9Usd due to self-discharge. Care must be taken as these contributions depend on the

sign of Lyar,

2.3.2. Discussion on charge uncertainties
This leads us to the estimation of charge uncertainties. If galvanostatic steps with identical
current ‘potand time %rot after initial charge Qo are applied, then the charge Q steps between
datapoints are actually constant but still contain errors. These errors are in fact cumulative as
also the total charge @ is the sum of all titration steps. The charge of step i can be expressed by
Eq 6.

: (6)
Qi = QO + thol ! [pol
1

This charge, as already mentioned, actually contains contributions from Faradaic efficiencies
FE # 1 and self discharge current ’sd as shown in Eq 7.

: (@)
Qi = QO + thol ’ Ipol "FE - (tpol + trelax) g
1

We suggest here an approach, where these additional contributions are estimated and
summarized within errors of the actual charge €. For our experiments we decided to assume
FE=1, as we believe we captured most of parasitic currents by Lsa, The important quantities are

then QO, Lpot and Isa.

2.3.2.1. Uncertaintyof’vol
The uncertainty of Lhatis given by the instrument error of the potentiostat’ and results in an error
in measured charge €. For our titration settings (/pot = 32:5 B4, Liange = 1 mA, t5, = 20 min) 40 arrors

can be calculated:
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61

instr

5Qinstr = 51instr ' tpol ~ 0.06 |J‘Ah'

=40.05% I, £ 0.015% I, 5, ~ 0.18 A

®)
©)

2.3.2.2. Self-dischargecurrentlsd
Based on Fig S2 one can estimate Lsa, This represents a slightly modified version for a
quantification of Lsa compared to common approaches which are well described in numerous
publications.®® There, much longer relaxation times are used and thus dU/dt is assumed to be

au
only due to Isa. Here, we chose an approach utilizing the potential fading at** due to self-

discharge and the slope of the titration curve itself.

aUu

Isd(U) ~ asd

dq

9q (10)
U au

v Mcam

With this equation, Isa js estimated as shown in Fig S3. For our procedure, we allowed only 0 >
au au au

ot ESd'max, with ot being evaluated at 4.1 V to be 0.2 uV/s. At this potential the H2-H3
transformation and the according peak in 49/dU curves lead to large uncertainty and these high
potentials are to be avoided for CTC. Further we estimate an average Ty during the time of

formation {formation in order to determine the initial @ error from Isa simply via

AQSd,forma[ion = tforma[ion ' [sd.
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Fig S3: Self discharge current Lsa over potential as determined from Equation 10. Right axis shows Ysd, which is
normalized to the mass of active material via "sd = ISd/mCAM.
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2.3.3. Mass uncertainty
The mass error is the most important factor when calculating 4 = Q/m. First, the effect of
different cathode loadings in the LIB is discussed. Here, a higher cathode loading of the LIB can
lead to more kinetic hindrance, and thus, errors in the reference titration curve. To show that the
LIB reference used for CTC was unaffected from influence of loading, we performed coulometric

titration on cathodes with varying loading as shown in Fig S4a.
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Fig S4: Titration curve (CAM in LIB) details. a) negligible effect of increasing cathode loadings below 4.2 V.
b) Unexpected offset of titration curve between charge and discharge.

Here, the titration curves of the 6.00 mg/cm? cathode shows complete overlap with the 4.85
mg/cm? cathode. At 9.19 mg/cm? we observe a slight offset from the other curves, especially
above 4.2 V. These potentials were avoided within the CTC protocol. The offset itself could be
caused by incomplete relaxation but also by to static CAM loss, when CAM particles are no
longer well connected within thick electrodes. As discussed in the main text, one deals with a
tradeoff between high accuracy during weighing with increased loadings but more severe

kinetic effects when concentration gradients within the cathode appear.

We also performed coulometric titration for charge and discharge and observed some
hysteresis (Fig S4b), which deviates from the expected behavior of a characteristic titration curve.
We believe this could be due to direction dependent phase transition behavior between the H2
and “quasi” H3 phase (seen in the orange curve) and due to lowered FE above 4.4 V when the

cutoff potential is reached during polarization (orange and blue). In general, hysteresis behavior,
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as e.g. during de-/lithiation of silicon, requires more sophisticated approaches. In our study, we

chose to use titration curves during charge, as they show good overlap.

Regarding the mass error itself, we typically consider a weighing error of 0.1 mg if weighed
masses are low. To understand the mass error during titration better, we used an experimental
approach. Here, we explain the deviation of specific charges of N cells (with mass " and total

charge Qata given potential, here 4.15 V) from an average value 4 only by a mass error.

1w ? (n

For 6 tested cells we obtained m =~ 0.09 mg. With low loadings of =4 mg this corresponds to

2.3%.

2.3.4. Resulting uncertainties for titration curve

Based on the discussions above we included the following errors (Table 1) for the display of the
titration curve of the LIB reference. Some of the errors are handled separately by the python
script since this allows us to cancel errors for calculating AQ between two potentials. (see SI
section 2.3)

Table 1: List of error contributions to titration curves (LIB)

error type sign

OU jser statistic +

OU lax systematic ~ (for charge)
6U oy systematic + (for charge)
6Qinser statistic, cumulative +

6Q4q systematic, cumulative -

§m statistic (systematic for ¢) +

Since all g values of the titration curve are affected systematically, the listed uncertainties are
added linearly. Here all charge contributions with same signs are simply added for 6Qy

5Q sm (12)
+q-

Aq =
+
LCAM CAM

With this the following titration curve with error bands can be plotted in Fig S5.
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Fig S5: Resulting titration curve with error bands. This is also the output of the python script.
Here we see the inherent problem of cumulative errors for @ and the influence of mass error at
higher specific charges. Especially at high SoC the influence of cumulative @ errors from self-
discharge leads to large errors with negative sign. Also, potential plateaus as visible at around
4.2V lead to increased uncertainty in 4. This is expected as a slight change in potential

corresponds to more charge if compared to steeper regions in the titration curve.

2.4. Errors of CTC

When applying CTC, a specific charge difference 24115 petween two potentials, Ui < U2, is looked
up from the titration curve shown in Fig S5. Since the 9 values share parts of their errors, these
cancel out in the difference A9uis. In the following, the error propagation of the LIB reference
titration curve and the “look-up” values of the SSB cell are discussed.

The active mass ™cam.act of the SSB is calculated with Eq 13.

AQgp(U1,U) (13)
m ——
CAM,act AquB(Ulluz)

For our evaluation we estimated errors of 9ss& and potentials from potentiostat accuracy and

furthermore included a potential error with negative sign from incomplete relaxation again by
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evaluating dU/dt at the end of relaxation periods. For U elax the relaxation time is scaled again
by an arbitrary factor frelax.SSB, in our case 1.63 (corresponding to additional 5 h of relaxation).
We believe this captures the biggest error as slow kinetics pose the biggest challenge for SSBs.

For calculating active mass utilization Ocamact the weighing error enters as well.

The following table summarizes the errors for the SSB:

Table 2: Error contributions for SSB

error type sign

OU nstr statistic +

O, 1ax systematic — (for charge)
8Qinser statistic, cumulative +

om statistic (systematic for ¢) +

For eq 13 we have to lookup A4115(U1U3) from the titration curve. Here the errors of U1and U2 and
the errors of the titration curve have to be propagated. In the following the quantities belong to

the LIB (reference) curve by default and are indicated by SSB otherwise:

For the calculation of 29u5(U1U2) jtself we need to compute:

_ QW) - Wy (14)

Mcam,LiB

Aq
Then we check the sensitivity to perturbations in potential by the derivative at Uiand Uz,
dQ dQ (15)
A=—U,),B=-—(U
iU, B = =25

The resulting errors for @ from Yiand Uz (i = 1.2) are then dependent on the SSB and LIB
measurement. Since both can contain “deterministic” contributions, positive and negative error

contributions are denoted by % in the index:

0U y = 68U gsp 4+ +0U; 4 (16)

an
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8Qy 4 = A-6Uy, + B-8U,

Now the @ errors can be calculated. These are composed of 5Qu,+ and the shared, cumulative

contributions 9s¢ %Qnstr, The latter cancel partially as shown in eq 18,19.

SQ + = SQU,+ + SQinstr(UZ) - sQinstr(Ul) (18)

19
6Q - = 5QU,— + 5Qinstr(U2) - SQinstr(Ul) + 6Qsd(U2) - 6Qsd(U1) ( )

Now we need to introduce the mass error (6m) to get from Q data to specific capacities.

om 20
6q,, = Aq—— (20)
Mym
The final uncertainties in 9 are then:
8Q @n
8q, = + éq,,

My

With the resulting (asymmetric) errors of 849115(U1U2) and the errors of AQSSB(Ul'Uz), the resulting

error of ™camact can be easily calculated (all Q errors for SSB are combined in ‘SQSSB):

4 Qssp £ 6Qssp _ Qssp (22)

om _—F
CAMact, + =% =
act 95 +6q 4 d.is

Eq 23 gives then the propagated error for Ocamact

mCAM,act * 6mCAM,act, + mCAM,act (23)

6HCAM,act, +

I+

Meamcor T OMeameor  Meamo
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3. Application of CTC to different SSB cells

The following section deals with the application of CTC to various SSB cells. The data evaluation

is done with the Python script provided on github.%°

3.1. Conversion to LIB reference potential
It might be necessary to use a different anode or reference electrode potential within the SSB
compared to the reference titration measurement in LE. For the SSB cells of this study a typical
In-InLi anode instead of pure Li metal was used for stability reasons. If SSB and LIB have varying
reference electrodes, then the recorded cell voltages have to be converted to the LIB reference
potential. This is only meaningful if the used reference potential within the SSB (anode or

reference electrode) is stable and known.!

E.g., for the In-InLi two phase voltage plateau (employed in this study) an offset of +620 mV vs
Li*/Liis applied.’2 The accuracy of the offset can be checked by comparing the voltage of plateaus
in titration curves of the investigated CAM or with more effort in additional cells of the type: SSB
anode| SE | LIB anode (if applicable). A CAM titration curve becomes immediately distorted if
the (relaxed) anode potential is not stable over the course of titration. To ensure stability,

capacitively oversized anodes might be helpful.

3.2. Multiple potential steps

BCAM.acf, is the application of the CTC method

One approach to crosscheck results for Meam,act or
at multiple relaxation potentials. Fig S6 shows exemplary output of the used python script for
“good” and “bad” SSB. This labeling indicates that different cathode compositions and
preparation protocols were used, for which varying degrees of CAM utilization are expected. For
“good” SSB a mixture of CAM:SE:CNF with ratio of 70:30:1 and for “bad” SSB a mixture of CAM:SE

of 60:40 was used. For more experimental details check section S1.1.
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Fig S6: Result of Python script for CTC between different potential steps for a) “bad SSB” and b) “good SSB”. Horizontal lines
indicate voltage steps. In the right diagrams, each voltage step shows the corresponding BCAM.aCf result with error bars in grey.

Averaged GCAM,acf values are indicated via vertical dashed lines, standard deviations as transparent areas. A selected average
is shown in orange/brown, for voltage steps with good kinetics.

For each potential step (indicated via horizontal lines) one result with uncertainty for BCAM,act
can be calculated. Assuming constant eCAM.act during titration and fulfilled requirements for CTC

(as discussed in the main text) means these Ocamact can be averaged. The average and standard
deviation for the exemplary “good” and “bad” SSB are shown in Fig S6 (right side) as dashed blue
line and transparent blue. Additionally, we have incorporated the functionality in the python
code to select a voltage window for a “selected” average. This can be useful to avoid voltage
regions with bad kinetics (as for the presented SSBs at high and low potentials/SoC) or where

side reactions are expected (e.g. if the SE in a given system shows reversible capacity). The
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respective result is indicated as orange/brown in Fig S6, which is also the value given in the main

text.

3.3. Various composite mixtures
We have tried different compositions to obtain a low CAM utilization in SSB composites and
applied CTC to them. While the cells showed bad performance even during 0.05C cycling, CTC

revealed that the capacity losses are mainly due to kinetics.

44— . . . . b T T . T r

42t 1
40 B
> 38} 1 =
536 { 3
5 A
% 34r _:35 - ] g : Argyrodite A
88k 29l 5 B: Argyrodite Posco
532 —— A 70:30 M
3.0 —— A 60:40(
28 —— B 70:30[ ]
|—— B 60:40
26 4
L s L L L 60
0 50 100 150 200 250 A7525 A70:30 A60:40 B70:30 B60:40

Gspec | MAN/G

Fig S7: a) Performance during 15 charge of various SSB compositions. A and B refer to different LisPSsCl catholyte batches from
different suppliers. b) Static CAM utilizations measured via CTC. Error bars here represent standard deviation of the average from
multiple cells.

4. XRD measurements

Fig S8 shows complete diffractograms of pristine composite use for two good and bad SSBs each.

pristine
105 F ‘ good SSB1
| ———good SSB2|
bad SSB1
bad SSB2

counts

20 (CuKa)/ deg
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Fig S8: Complete diffractograms of composite pellets
To investigate the reflex shifting of NCM82 during delithiation, we conducted in situ XRD
measurements using a Malvern Panalytical Empyrean 3 diffractometer equipped with a
Molybdenum (Mo) source. The measurements were performed in transmission mode on a LIB in
a pouch cell configuration, where no inactive material was expected. Two angle regions of

interest are shown in Fig S9.

~d 16400

20.0
5600

17.5
15 0 4800
12 5 4000
= 3200

=10.0
7 5 2400
5'0 1600
2.5 800

5 8.5 2.0

043 40 3

1400

1000

Counts
Counts

26 28 30
Uvs. LiffLi/V 26 (Mo Ka) / deg

Fig S9: In-situ XRD measurement on LIB in pouch cell.

5.SSB performance normalized to mcumae

With CTC it is possible to differentiate between static and kinetic capacity losses in SSBs.® For
the two tested cells (good SSB and bad SSB) the 15t charges were normalized to the determined
actual mass (meaning no static capacity losses). The remaining capacity loss is defined as

“kinetic”, shown as red in Fig S10.
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Fig S10: Schematic showing static and kinetic capacity losses. 1st cycle charge curves for SSBs are scaled by their actual mass of
CAM (determined via CTC) and capacity losses for the “bad SSB” are indicated with purple and red.

6. Kinetic effects during LIB charging
To showcase how kinetic effects lead to a deviation of the charge curve from the titration curve,
we have performed a rate test on the LIB. Fig S11 shows mainly increasing overpotentials but

especially in regions of kinetic hindrance (low and high potentials) more complex behavior is

Gspec / mAh/g

50 100 150 200 250

Fig S11: Kinetic effects on charge curve of LIB at different C-rates.
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Figure S1. Influence of cathode loading on the
achievable capacities. The specific capacities are
referred to the total CAM mass. The same com-
posite batch has been used (batch 6).

Figure S2. Influence of prepressing the cell for
different times on the anode contribution to the
resistance. The prepressing time has no influ-
ence.
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Figure S4. Quasi-OCP curve (0.02C) of a lith-
ium-ion battery cell with the same CAM taken as
reference for active mass determination.
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Figure S7. Exemplary Nyquist plot recorded at 3.1 V vs. In/InLi and corresponding equivalent cir-
cuit for the impedance fitting. Black circles represent the measured data which were recorded in a
frequency range from 10 kHz to 10 mHz. The colored semicircles for the cathode- and anode-related
contributions, Reathode and Ranode, represent a guide-to-the-eye.
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Figure S9. SEM (GeminiSEM 560, Carl Zeiss Microscopy, Oberkochen, Germany) images of the two
different CNF types. For CNF type 1 fibers are visible while microstructure of CNF type 2 is domi-
nated by spherical and agglomerated entities and fibers appear to be disrupted.

T T T a0l — 70:30:1 VGCF type 1
80 . — 80:20:1 VGCF type 2
~g a5l — 70:30:1 VGCF type 2
&
860
c
s
Rz}
0
4 ‘
© 40}
=1
'S
T
3
<20}
70301 80201 7030.1 28 29 30 31 32 33 34 35 36 37
VGCF type 2 VGCF type 2 VGCF type 1 Voltage / V vs. In/InLi

Figure S10. Violin plots of the areal full cell re- Figure S11. Comparison of representative dQ/dV
sistances extracted from the impedance measured plots for the three different composite types.

at 3.1V vs. In/InLi for all tested cells of the three

composite types.
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Figure S12. Mean gross specific discharge ca-
pacities for different composite batches, calcu-
lated with respect to the total CAM mass in the

Figure S13. Active specific capacities, versus
CAM utilization for the composites using CNF
type 2 (poor electrode design). The shaded areas

cathode, all using CNF type 2. The standard de- indicate the mean values and standard devia-

viations are calculated based on at least three tions (normal range) of capacities achieved for

cells that have been built. cells with a good electron design using CNF type
1.

S1: Insights into the parameter study for the mixing process in a mini vibrating mill

The mechanically mixed composites were mixed in a mini vibrating mill (Pulverisette 23,
Fritsch GmbH, Idar-Oberstein, Germany). The parameters that can be varied during the mixing
process are the vibration frequency, the mixing time, as well as the type and number of milling

media.

We first investigated the influence of the frequency while keeping all other parameters constant,
i.e., the milling time was 30 minutes and ZrO> milling balls with 5 mm diameter were used. As
can be seen in Figure S14, the capacities change the frequency while a frequency of 20 Hz
leads to the highest capacities at all C-rates with the smallest variations. We emphasize that this
is only valid for the given mixing time of 30 minutes. By shortening the milling time at higher
frequencies to keep the stress number similar, also higher capacities might be achieved. How-
ever, depending on the frequency and, thus, stress energy also the motion of the balls and the
distribution of the material within the mill might change. We assume that higher frequencies
lead to partial degradation of the particles, mainly the solid electrolyte during mixing, resulting

in the slightly weaker performance.
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Figure S14. Influence of the vibration frequency Figure S15. Influence of the milling media size on
during milling on the achievable discharge ca- the achievable discharge capacities. The specific
pacities. The specific capacities are referred to capacities are referred to the total CAM mass.
the total CAM mass.

Regarding the milling media, we investigated the effect of using smaller ZrO milling balls with
3 mm instead of 5 mm diameter. By default, 3 ZrO; milling balls with 5 mm diameter were
used per 100 mg of cathode composite, i.e., 9 milling balls for a typical batch of 300 mg. Alt-
hough this is rather arbitrary, it results in a satisfactory reproducibility. However, the milling
balls may be too large for the particles to be mixed which are in the size range of 0.5 to 3 pm.
Therefore, we tested milling balls with a diameter of only 3 mm while keeping the total volume
of the milling balls constant. Accordingly, 28 milling balls were used per 300 mg composite,
which is a relatively impractical high number. As shown in Figure S15, we observed a signifi-
cant worsening but, in another batch, also improvement of the performance. Possible reasons
for the differences could be different types of caking, e.g. due to different milling ball surfaces
(fresh from the supplier and used and cleaned dry/wet), or different filling of the milling jar.
The results show that it is possible to improve the mixing quality by changing the milling media.
At the same time, however, a detrimental effect on reproducibility cannot be excluded and re-
mains to be further investigated. Obviously, optimization of a mixing process is a challenging
task where little modifications can drastically impact the performance and reproducibility.
Overall, optimizing the mixing process is extremely time consuming when using a try-and-error
strategy and was not the goal of this work. In our case, three 5 mm ZrO; milling per 100 mg of

cathode composite led to satisfying reproducibility.
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Table S1. Overview about the exact weighing and the calculated mixed densities.

Type of Investigation | Nomenclature Composition (Mass in g) Composition Mixed
in manuscript (Volume in cm?) y /

Coating Thickness 99:1:0 22.92 0.23 23.15 4.82 0.09 491 4.71
Variation (without CB) 98:2:0 22.49 0.46 22.95 4.73 0.18 491 4.67
Variation of coating 95:5:0 21.28 1.12 22.40 4.48 0.43 491 4.56
content 1-20 wt.% 90:10:0 19.35 2.15 21.50 4.07 0.83 4.90 4.38
80:20:0 16 4 20.00 3.37 1.54 491 4.07

NCM LIC CB ) NCM | LIC CB ) Drmix

Coating Thickness 99:1:0.2 22.83 0.23 0.04 23.1 4.81 0.09 | 0.02 | 491 4.70
Variation (with CB) 98:2:0.3 22.32 0.46 0.07 22.85 4.7 0.18 | 0.04 | 491 4.65
Variation of coating 95:5:0.8 20.93 1.1 0.17 222 4.41 0.43 | 0.09 | 4.92 4.51
content 1-20 wt.% 90:10:1.5 18.76 2.08 0.32 21.17 | 3.95 0.8 |0.16 | 492 43
80:20:3 15.05 3.76 0.58 19.4 3.17 145 | 03 | 492 3.94

NCM LIC CB Y NCM | LIC CB ¥ Prnix
Process Parameter 95:5:0.8 20.93 1.1 0.17 222 4.41 0.43 | 0.09 | 4.92 4.51
Variation 80:20:3 15.05 3.76 0.58 19.4 3.17 145 | 03 | 492 3.94
NCM LIC CB Y NCM LIC CB Y Prmix

Matrix Optimization 80:20:0 16 4 0 20.00 | 3.37 | 1.54 0 491 4.07
CB content variation: 80:20:0.2 15.93 3.98 0.04 19.95 | 335 | 1.54 0.02 | 491 4.06
0-3 w.t% 80:20:0.5 15.84 3.96 0.1 19.9 333 | 1.53 0.05 | 491 4.05
80:20:1 15.68 3.92 0.2 19.8 33 1.51 0.1 | 492 4.03

80:20:2 15.35 3.84 0.39 19.58 | 3.23 | 1.48 0.2 | 491 3.99

80:20:3 15.05 3.76 0.58 194 3.17 | 145 03 | 492 3.94

Supplementary Note 1 - Particle Size Distributions via particleOS.ai
The SEM Image Analysis Tool, part of the particleOS.ai platform developed at the Institute for
Particle Technology at Technical University Braunschweig, enables quantitative characteriza-
tion of scanning electron microscope images through Al-driven segmentation and morpholog-
ical analysis. Meta's Segment Anything Model (SAM) provides precise particle boundary de-
lineation through two operational modes: automatic segmentation for batch processing of mul-
tiple particles, and manual selection mode for targeted analysis of specific regions of interest.
The workflow consists of image upload, scale calibration, and mode selection, followed by
automated segmentation and Morphological analysis.

The system generates number-based (qo) particle size distributions by calculating equiv-
alent circle diameter (V(4xArea/r)). Users can analyze multiple SEM images of the same sam-

ple and automatically generate averaged distributions for improved statistical robustness.
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Morphological characterization includes calculation of key shape metrics, particularly
circularity (4nxArea/Perimeter?) and aspect ratio (maximum Feret diameter/minimum Feret di-
ameter). Circularity quantifies how closely a particle resembles a perfect circle (value of 1.0),
while aspect ratio identifies elongated particles. Additional parameters including convexity, so-
lidity, and equivalent diameter are also calculated. These metrics enable classification into dis-
tinct morphological categories and provide quantitative data on shape heterogeneity.

This implementation improves upon previous approaches [ 1] by leveraging SAM's zero-
shot capabilities with customized filtering algorithms. As demonstrated in the manual mode
analysis above, this eliminates the need for specialized training datasets while improving the
processing of complex, overlapping particle arrangements that are challenging for conventional

segmentation methods.




B.3.

Supporting Information for Publication IlI

173

d 0.80 T T T T T 17
TERRERENE
0.76 T J.
i 415 ,
' -
-
2072 {142
& Mixed for 60 minutes g
= at 10 000 rpm 1139 —
g 0.68 Circularity Aspect ratio @ 3
(&) ° B 80:20:0 ] ircularity = 1
° 5 90:10:0 {12< Circula y
] [ ] B 950 4
0.64 [ ] B 98:2:0 J11
° o 99:1:0 '
[ ) B NCM
0.60 T T T T T 1.0
0 5 10 15 20

Weight percentage of coating [%]

Figure S1. Exemplary result from the in-house particleOS.ai tool, which was used for analyzing
the coating based on SEM images. a Example of a segmented SEM image of the 80:20:0
composition, accompanied by the corresponding depth map b and binary image c. In addition
to the PSD, particle shape descriptors such as circularity and aspect ratio were determined
with the particleOS.ai tool, as illustrated in d for different coating compositions. Error bars
represent the standard deviation of n = 3 segmented SEM images. e Simplified sketch
illustrating that a high circularity value means that the NCM particle is covered by a differently
thick coating layer given the non-spherical shape of the NCM particle.

Figure S2. SEM images of the a pristine NCM and b LIC-coated NCM (80:20:0).
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Supplementary Note 2 — Calculation of the theoretical coating thickness

The theoretical coating thickness was calculated using the raw material densities, the mixed
density of the coated material, and geometric considerations. As a first step, the average mass
and volume of one NCM particle was approximated based on the median particle diameter of

2.05 pm obtained from the g PSD.
Vnem= 3™ Ricm

Myew=Vnem * Pnem

Based on the material compositions and weight fractions, and assuming a uniform coating on
each particle, the coating volume per individual NCM particle was calculated. For samples
without CB, a coating density of 2.59 g cm™ was used corresponding to the density of pure LIC.
For samples containing CB, a reduced coating density of 2.48 g cm™ was applied, calculated

from the fixed volume ratio between CB and LIC (20:80 vol.%).

Mcoating _ wt. %coating s MneMm

Vcoating= K -
Pcoating Pcoating

Based on geometric considerations and using the radius of the NCM particles, the coating
thickness can be approximated mathematically. Therefore, the coating volume is derived

geometrically as follows:
4 3 3
Vcoating= § T (Rtota]-RNCM)

4
— 3_p3
Veoating= 3 7 - ((s+Rncm)*-Riem)
By rearranging this equation for the coating thickness s and substituting the coating volume
derived from the volume ratios, the theoretical coating thickness can be calculated.
_3 Vcoating -3

5= T4 +RRcmRuem

The resulting thickness values are depicted in Figure S3:
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Figure S3. Theoretical coating thickness depending on coating content. The coating thickness
was estimated based on the dsy value of 2.05um (q, distribution of NCM) and the
corresponding weight ratio of the coating material. The calculation assumes spherical NCM
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Figure S4. a HR-TEM images and b STEM-EDX maps of building blocks with 80:20:1
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Figure S5. X-ray diffractograms obtained in reflection geometry of pristine LIC, CB-LIC
premix and NCM-LIC-CB composite revealing the presence of LIC in the premix as well as in
the composite.

Figure S6. a STEM-EDX maps and b,c HR-TEM images of coated particles with composition
99:1:0.
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Figure S 7. Specific power for different compositions a with CB and b without CB. ¢ Specific
power recorded for compositions 95:5:0.8 and 80:20:3 depending on the rotational speed.

energy input calculated from the recorded power data for the mixing of the
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Figure S8. Evolution of a coverage and b porosity as function of specific energy input during
high-intensity mixing. Error bars represent the standard deviation of n = 3 measurements.
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Figure S9. Calculated coverage values and corresponding SEM images for building blocks
with composition 80:20:3 mixed at different rotational speeds.

Supplementary Note 3 — Calibration and calculation of the coarse grain density

The particle density used in the simulation was calculated to 2.417 g cm™, based on the
measured bulk density of the 80:20:3 powder mixture (1.450 g cm™), as well as the true material
density of the 80:20:3 composition, which is 3.944 g cm™. Here an internal coarse-grain
porosity of 0.39 is assumed.

The simulation was further validated by plotting the coverage as a function of the
experimental and simulated specific energy input, fitting both datasets, and calculating the
relative error between the resulting curves (cf. Supplementary Figure S11). The maximum
deviation was found to be maximum 2 %, demonstrating that the DEM simulation accurately
captures the coating process on a macroscopic scale.

It should be noted that by employing the normalized parameters Slcg and SN, the
coarse-graining of particles in the DEM simulation is effectively accounted for, as opposed to
using the absolute values of the stressing energy SEcg and stress number SNcg. In principle,
the S1 should remain constant when changing the particle size, as both the collision energy and

the particle mass under impact stress scale with the cube of the particle diameter (Slcg =

SE, SEo-f3
€ = ot 5). However, due to the narrow gap between the rotor and chamber wall,
Mparticle,CG Mparticle,0'f

the SE¢; may be slightly overestimated for the coarse-grained particles. If the scaling of SE,
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exceeds f3, this would lead to a minor overestimation of the stress intensity in the coarse-
grained system. This is why it is denoted as ﬁcc throughout this study. The mean stress number
per particle should also be scale-invariant, as the stress frequency decreases approximately with

the cube of the particle diameter [2], while the coarse-grained particle mass increases with the

cube of the particle diameter.

Table S2. Overview about the simulation parameters applied in this study. See Supplementary
Note 3 for details on the particle density.

Calibration parameters Particle — Particle Particle — Wall

10004

Static friction / - 0.46 0.45
Dynamic friction / - 0.31 0.25
Yield ratio / - 0.00756 0.0256
Restitution coefficient / - 0.3 0.3
Properties Particle Wall (Rotor) Wall (Chamber)
Density / g-cm™ 2.417* 4.510 7.850
Young’s modulus / GPa 0.228 120 200
Poisson ratio / - 0.3 0.3 0.3
a 1200 Experimental compaction curves b Experiment Simulation

Simulation

8004

6004

Force /N

400 4

2004

0 5 10 15 20
Separation distance / mm

C Lfexternal = 0.4 I Pmix = 3.94gcm™ |

Experiment Simulation

Filling degree 33. 4 %

m

[obuic = = 145 8om | [pcoarse grain = 2417 gem |

Figure S10. Calibration procedure of the DEM simulation with a compaction test simulation
and experiment, b dynamic angle of repose simulation and experiment, ¢ illustration of how
the coarse-grain density was calculated and d comparison of the filling degree between
simulation and experiment, thereby confirming the coarse-grain density.
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Figure S12. X-ray diffractograms obtained in transmission geometry of pristine NCM and two
LIC-coated NCM samples with a thin (95:5) and a thick (80:20:3) coating.
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exemplary samples.

Table S3. Lattice parameters, lattice strain, and mass ratios out of Rietveld refinement of three

Sample a /A c/A Lattice strain / % NCM / wt.% LIC / wt.%

Pristine  2.895739 14.304153
95:5:0 2.895918 14.304236
80:20:3  2.895848 14.303675

0.037 100 -
0.05 92 8
0.045 79 21

!

!
EE @
£45

Mass fraction / %

0 20 40

60 80 100 120
Distance / nm

Figure S 13. STEM-EDX line scan. a Elemental map, b line scan direction and ¢ measured
mass fraction versus distance curve. Due to the NCM surface being slightly slanted, both
materials overlap a bit in this region. However, no sign of element diffusion beyond this
overlapping area of approximately 10-15 nm width was detected.
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Figure S 14. SEM images of a polycrystalline NCM raw material and b polycrystals after
processing at 10,000 rpm for 60 min with 20 wt.% LIC.
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Figure S 15. Cycling performance depending on the cathode composition. a CAM-specific
capacity (using the total nominal CAM mass in the cathode) versus cycle number when cycled
in CCCV mode at 25°C under 80 MPa stack pressure (1C = 200 mA/g = 3 mA/cm?). Error bars
represent the standard deviation of n = 2 cells. b Corresponding Coulomb efficiencies (CEs)
versus cycle number. See Supplementary Note 4 for additional comments.

Supplementary Note 4 — Periodicity in Coulomb efficiency

In Figure S15a fluctuations in the capacities are observed every 20 cycles during 1C CCCV
cycling. Furthermore, a periodicity in Coulomb efficiencies (CEs) over 20 cycles at 1C is
observed in Figure S15b, most obvious for compositions 80:20:2 and 80:20:3. Thereby a
characteristic drop in CE is observed followed by a gradual recovery over the subsequent

cycles.

Both phenomena are directly related to the determination of the CAM utilization every
20 cycles. This step, referred to as the check-up cycle in the following, involves slower charging

and discharging as well as extended equilibration periods (see Methods section). As a result, it
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deviates significantly from the monotonic high C-rate CCCV cycling, leading to periodic
fluctuations in both capacities and CEs. Importantly, this step alters the lithium inventory within
the CAM, increasing its lithium content at the beginning of each 20-cycle sequence. In the first
cycle after the check-up, this ‘excess’ lithium inventory is exploited, leading to higher extracted
charge. During subsequent discharging, the same amount of lithium must be reinserted to
maintain a high CE. However, for compositions such as 80:20:2, kinetic limitations dominate,
resulting in incomplete re-lithiation and thus a temporary CE reduction. Over the following
cycles, the CAM remains less lithiated than at the beginning, which reduces the kinetic

asymmetry between discharge and charge and leads to a gradual recovery of CE.

For the 80:20:0.5 composition, CEs above 100% are observed over several cycles,
which at first glance appears unphysical. However, the CE in the first cycle of each 20-cycle
block is clearly below 100%. In the subsequent cycles, the remaining Li sites are progressively
refilled, resulting in apparent CEs > 100%. When the total charge and discharge capacities of
all 20 cycles are considered together, the cumulative CE remains below 100% (99.32 % for the

80:20:0.5 cell), which is physically reasonable.

Overall, the extended rest period during the check-up cycle allows the system to
equilibrate, resulting in an asymmetric kinetic response between discharge and charge. This

imbalance is reinforced immediately after the check-up cycle.




184

B. Supporting Information for Publications

——80:20:0

——80:20:0.2 ]
80:20:0.5

80:201 4

1stcycle at 0.1C |

0 20 40 60 80 100 120 140 160

Composite Specific Capacity Geomp/ mAh.g!

4th cycle at 0.1C |

0 20

Composite Specific Capacity Gemp/ mAh.g”

40

60

80

100

120 140 160

dQ/dV / mAh/V

dQ/dV / mAh/V

[ 1stcycle at 0.1C

8 20 22 24 26 28 30 32 34 36 38
Voltage vs. In/InLi/ V

4th cycle at 0.1C ‘ 1

8 20 22 24 26 28 30 32 34 36 38
Voltage vs. In/InLi/ V

6 J
4t J
2
=
1 < 2} ]
£
] =
1 3o ]
<]
4 T
2t J
03c ] -4 03c g
18 e
0 20 40 60 80 100 120 140 160 18 20 22 24 26 28 30 32 34 36 38
Composite Specific Capacity Geom,/ MAh-g™! Voltage vs. In/InLi / V
6 |} ——80:20:0 g
36 1 ——80:20:0.2
a4 ] 80:20:0.5
> : 41 ——80:2011 1
=32 0'3? 1 > ——80:20:2
) - = ——80:20:3
30 S < 2} g
z : €
528 4 -
2 >
026 1 D0 = 1
2 g
o)
g - S W
> 2F \ - 1
22 1
20 1c ] “4F1c 1
18 A
0 20 40 60 80 100 120 140 160 18 20 22 24 26 28 30 32 34 36 38

Composite Specific Capacity geomp/ mAh.g™' Voltage vs. In/InLi/ V

Figure S 16. Full voltage curves and differential charge plot of all investigated compositions
for the a,b initial cycle at 0.1C, ¢,d the last cycle at 0.1C, e,f a representative cycle at 0.3C and
g,h a representative cycle at 1C (1C = 200 mA/g = 3 mA/cm?).
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Table S4. Electrochemical data for all compositions: Initial charge capacities Qo,charge 0f the
CC and CV step, initial discharge capacities Qo gischarge (all referred to the total composite
mass), initial Coulomb efficiency and capacity retention over 80 cycles at 1C in CCCV mode.

Composition Qo.charge (CC) Qo charge (CV)  Qo.discharge (CC) ICE Capacity retention

CB content in matrix / wt%

mAh-g? mAh-g? mAh-g? % %
80:20:0 85.3 7.5 78.3 84.4 91.7
80:20:0.2 85.2 5.3 76.2 84.2 108.5
80:20:0.5 113.0 4.8 102.6 87.1 96.7
80:20:1 75.4 8.3 70.4 84.1 81.8
80:20:2 102.1 10.5 94.1 83.6 21.8
80:20:3 142.0 10.3 129.4 85.0 30.1
40 28 1.
a --=-- Porosity b CB content in matrix
35 --e-Pellet bulk density . 14— 1wt% \é”
i 1% € > 25Wt% °,§>
30 5 1.2 5 wt% S
R Forees et 12 g T —tows /§
> . s 2
-‘é 20 1 I 22 é 5081
5 % Bos] F 2
£ 202 5" H
10 | B 2 o4 - 5
sl % 18 Q 02
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Figure S17. Investigation of the mechanical properties of the CB-LIC premix. a Porosity and
bulk density of pellets prepared from the CB-LIC premix compacted at 380 MPa. Error bars
represent the standard deviation of n = 24 indentations. b Nanoindentation measurements
performed on the pellets shown in a. Each force—indentation curve represents the average of
25 individual indents.
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points. The curves significantly overlap, especially in the yellow voltage region, which was used
for the CAM utilization determination. The low C-rate charging profile is thus considered as
quasi-OCP and used to quantify the CAM utilization in the SSB cells.
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Figure S19. Comparison of Voltage-Capacity curves for the LIB reference cell and the SSB
cell. For the SSB cell, the gross specific capacity, referred to the total mass of CAM in the
cathode, and the active specific capacity, referred only to the active fraction of CAM in the
cathode are displayed. No significant differences between the voltage curves of the LIB and the
SSB, especially in the yellow voltage region, which was used for the CAM utilization
determination, are observed. The visible shift is due to kinetic effects since the SSB was cycled
at 0.1C while the LIB was cycled a 0.02C.
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Figure S1: XP detail spectra of the P 2p signal  Figure S2: XP detail spectra of the Ni 2p signal
for LisPSs-coated NCMBS annealed at after background subtraction. Signals with
different temperatures. The increasing signal good peak-to-noise ratio indicate that the NCM
intensity of the peak at higher binding particles are not fully covered with the SE-
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Figure S3: Relative Ni fraction calculated by evaluating the relative
intensity of the Ni-region (Figure S3) for LizPSs coated NCM85
samples annealed at different temperatures (hereby 0 °C means
unannealed). The relative Ni fraction is a measure for the coating

coverage which is high when the measurable Ni fraction is low.
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species.
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Figure S5: LAADF-STEM image of the uncoated NCM8S5 showing no coating layer.

Figure S6: LAADF-STEM image of LisPSs- Figure S7: LAADF-STEM image of Li3PSs-
coated NCM8S5 annealed at 100 °C possessing coated NCM85 annealed at 100 °C showing

a large coating particle on the surface. accumulation of coating material in notches.
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S1: Effect of annealing time and atmosphere

As discussed, the SE coating only shows a superior performance if the coating morphology and
composition are appropriately tuned during the annealing process. This defines the two aims of
annealing: a high coating coverage and a full oxidation of the solid electrolyte. The highest
coverage was found for an annealing temperature of 300 °C, while at higher annealing
temperatures the coating tended to evaporate. On the other hand, a fully oxidized coating layer
required a temperature of more than 300 °C. We further investigated the annealing process by
varying the annealing time and changing the annealing atmosphere from synthetic air to pure
oxygen. The goal was to obtain a coating for which both the coverage and oxidation are as high
as possible. After annealing, the samples were analyzed with XPS to (semi-)quantify these

parameters.

The coverage was calculated according to Equation 1 and is depicted in Figure S8a. The coverage
for samples annealed at 300 °C is found to be almost independent of the annealing time. The
coverage obtained for the sample annealing in pure O> compared to annealing in synthetic air is
systematically shifted towards higher values. In contrast, the samples annealed at 400 °C show a
decrease in coverage with increasing annealing time in addition to the already lower coverage after

annealing for 1 h.
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Figure S8. Influence of annealing time, temperature and atmosphere on the

a) coating coverage and b) degree of oxidation of the coating for Li3PSs-

coated NCM8S5. Both parameters are derived from XPS measurements.

The degree of oxidation was approximated by quantitatively evaluating the S 2p signal. As
already seen in Figure 1, the signal shows two well separated regions at around 161 eV (pristine
Li3PS4) and 170 eV (oxidized Li3PSa, i.e., Li2SO4). To obtain the degree of sulfur oxidation

depicted in Figure S8b, the intensity of the region around 170 eV was compared to the intensity
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sum of both regions. The oxidation degree is the highest after the annealing at 400 °C and remains
unchanged with respect to the annealing time. As expected for the samples annealed at 300 °C, the
degree of sulfur oxidation is lower, but seems to increase with annealing time. Especially when
annealing in pure oxygen, a higher degree of oxidation was found compared to the sample annealed
in synthetic air. Thus, a higher oxygen partial pressure during annealing can be used to reduce the
time for complete oxidation at lower temperatures. Overall, the coating morphology and
composition was shown to be sensitive to different annealing conditions. This allows to tune the
coating properties by a tailored annealing process which significantly impacts the overall coating

performance with respect to electrochemical properties and interfacial degradation products.
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Figure S7: Impedance spectra for the half cells with differently coated CAMs recorded at 3.1 V
vs. In/InLi at the start and end of the benchmarking program.
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Figure S8: Evolution of the impedance spectra for the half cells with differently coated CAMs

during 10h hold at 3.7 V vs. In/InLi.

Table S1: Resistance value Reamode Obtained from fitting the spectra shown in Figure S7 and S8 as

well as slope of the linear fit for all samples.

Sample Recathode (@3.1V)  Reathode (@3.1V)  Reathode (@3.7V)  Reathode (@3.7V)  Slope during hold at 3.7V
(start) / ©2-cm? (end) / 2-cm? (start) / 2-cm? (end) / 2-cm? / Q-cm?-h %®
Uncoated-Ref 22.0 37.0 105.0 146.2 14.6
Coating-01 27.5 41.2 114.2 12.1
Coating-02 19.4 26.8 96.3 8.9
Coating-03 17.6 4 3.2
Coating-04 98.7 269. 30.1
Coating-05 72.6 296.6 40.8
Coating-06 21.9 55.4 3.0
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Figure S9: Measured current during impedance measurement for Uncoated-Ref. The current
decreases from about 15 pA to approximately 1.5 pA during the 10h measurement.
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Figure S10: Rate capability at 25°C of Uncoated-Ref, Coating-03 and Coating-06, represented
as a) gross specific capacity (charge per total mass of NCM) and b) active specific capacity
(charge per electrochemically active mass of NCM). The two coatings perform similar and
significantly better than the bare reference.




B.5. Supporting Information for Publication V 203

4 T T T T T T T T

Uncoated-Ref 0.33C
—— Uncoated-Ref 1C

3F -
H2 > H3
2 phase transition
<
22| !
~
>
°
g
o 1f —_— J
Overpotential no H2 > H3
phase transition
oFfF .

29 3.0 31 3.2 3.3 3.4 3.5 3.6 3.7
Voltage vs. In/InLi/ V

Figure S11: Differential capacity plots for Uncoated-Ref at 0.33C and 1C. While the H2—H3
phase transition is visible at 0.33C, it vanishes when charging with 1C due to the higher
overpotential.

Table S2: Comparison of short-term testing and long-term cycling.

Characteristic Short-term Cycling Long-Term Cycling

Duration ~1 week weeks — months

Goal efficient screening final validation

Focus CAM—SE interface cell performance

Reproducibility higher (standardizable) lower (cell-to-cell variation)

Accessible coating parameter space broad narrow

Feedback loop short long

Error sources limited many

Degradation mechanism controlled: variable:
CAM—SE interface at high SoC complex overlap

Parameter/Metric

ICE? v v

Initial capacities® v v

CAM Utilization v v, if sequence included

Overpotential evolution X, limited cycles v/, many cycles

Impedance analysis v/, more easily accessible X. not easily accessible

Chemo-mechanical degradation X, only initial v/, should be quantified

2 JCE and Initial capacities depend on multiple factors beyond the coating in both short- and long-
term tests, whereby short-term provides relatively more coating-specific insight.
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