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Abstract

Abstract

The discipline of lithium-ion all-solid-state batteries (ASSBs) is an important and
emerging research field. It covers a large variety of aspects, from the synthesis of solid
lithium-ion conductors to electrode preparation and cell testing. Thereby, researchers
profit from the experience and knowledge gained with liquid electrolyte-based lithium-
ion batteries (LIBs) due to many similarities in the cell chemistry between solid and
liquid electrolyte systems. However, a few practical aspects still constrain ASSB,
research such as the laborious preparation of pelletized samples or the absence of
standardized and widely available cell hardware for battery testing, like e.g. Swagelok®
T-cells for conventional LIBs. As a consequence, essential analytics such as reference
electrodes are rarely applied, even though they would permit valuable insights into the

fundamental understanding of ASSBs.

The first part of this PhD thesis focuses on the preparation and characterization of
slurry-processed LisPSsCI/HNBR composite separator-sheets. We use these thin and
flexible sheets to develop ASSB pouch cells featuring a micro-reference electrode
(u-RE). The u-RE consists of a thin, polyimide insulated gold wire, which is
electrochemically lithiated, providing a stable potential and allowing for electrode-
resolved electrochemical impedance spectroscopy (EIS). With the x#-RE at hand, we
investigate In-Li-anodes and demonstrate that the electrochemical accessibility of the
lithtum strongly depends on the preparation method, which has important implications

for SSB cell testing.

In the second part, we investigate the ionic conductivity of lithium phosphides — a
novel class of solid lithium-ion conductors — and evaluate their chemical reactivity

against selected ambient atmosphere components.

For each study, we developed a tailor-made cell hardware, considering the specific
requirements for the respective system. In total, we present three cell generations: (i) a
high-pressure cell for conductivity determination; (ii) a spring-loaded cell for lab-scale
battery testing; and (ii/) an ASSB pouch cell setup in a three-electrode configuration. We
provide the design, the specifications, and the validation procedures for each cell to

illustrate their functionality.



Kurzfassung

Kurzfassung

Lithiumionen Festkorperbatterien (ASSB) sind ein wichtiger und dynamischer
Forschungsbereich, welcher Arbeiten von der Synthese von Festkorperelektrolyten, hin
iiber die Elektrodenherstellung bis hin zur Zelltestung umspannt. Dabei profitieren
Forscher von den gesammelten Erfahrungen und dem Wissen aus Lithiumionenbatterien
(LIBs) mit fliissigem Elektrolyten, da die Zellchemie fliissiger und fester Systeme in
vielen Aspekten dhnlich ist. Nichtsdestotrotz gibt es einige Aspekte, die die Forschung
an Festkorperbatterien erschweren. Das aufwindige Herstellen von pelletisierten Proben
oder die Tatsache, dass es keine weitverbreiteten Testzellen wie Swagelok® T-Zellen
gibt, sind nur zwei Beispiele. Eine Folge daraus ist, dass essentielle Analytik, wie der
standardmifBige Einsatz einer Referenzelektrode, kaum realisiert werden, obwohl so

wichtige Informationen gewonnen werden konnten.

Der erste Teil dieser Arbeit beschéftigt sich mit der Herstellung und Untersuchung
von nassprozessierten LigPSsCI/HNBR Separatoren. Diese diinnen und biegbaren
Schichten werden im nichsten Schritt dazu verwendet, um ASSB-Pouchzellen mit einer
Mikroreferenzelektrode (u-RE) herzustellen. Dabei besteht die ¢-RE aus einem diinnen,
isolierten Golddraht, welcher elektrochemisch lithiiert wird, ein stabiles Potenzial besitzt
und dariiber hinaus halbzellaufgeloste Impedanzspektroskopie (EIS) ermoglicht.
Mithilfe der Referenzelektrode untersuchen wir In-Li-Anoden und zeigen, dass deren

elektrochemischen Eigenschaften stark davon abhéngen, wie sie hergestellt wurden.

Im zweiten Teil, untersuchen wir die ionische Leitfdhigkeit einer neuen Klasse von
Festkorperelektrolyten — der Lithiumphosphide. Zudem bewerten wir deren chemische

Stabilitdt gegeniiber den einzelnen Bestandteilen von Luft.

Fiir jede Studie wurde eigens eine Testzelle konstruiert, um den Anspriichen des
jeweiligen Systems gerecht zu werden. Insgesamt entstanden so drei verschiedene
Zelltypen: (i) eine Zelle zur Bestimmung der Leitfahigkeit bei hohem Druck; (i) eine
Federzelle fiir Zelltestungen im LabormaBstab; und (iii) eine Pouchzelle fiir Messungen
mit drei Elektroden. Dabei wird auf jede einzelne Zelle separat eingegangen und deren

wichtigsten Bestandteile und Eigenschaften erklart.
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Introduction

1 Introduction

Today’s lithium ion batteries (LIBs) for consumer electronics have become a key
technology for the dynamic and fast-paced everyday modern life. For portable
applications such as smart phones or laptops, LIBs are an indispensable power supply.
In other applications, rechargeable batteries add a lot of comfort to our daily lives, such
as there are for vacuum cleaners, drilling machines, or lawn mowers, since no power cord
is required anymore or in case of e-bikes and e-scooters, travelling certain distances
becomes physically less exhausting. The LIB technology as we know it today was

commercialized in 1991 by Sony and has become a success story in itself ever since. !

The foundation for today’s rechargeable LIB technology was laid by M. Stanley
Whittingham in 1976 by discovering the reversible inter- and deintercalation of lithium
ions into TiS».%3 The reversible capacity of TiS; is with 210 mAh/g actually higher than
of modern cathode active materials (CAMs), however, the material suffered from two
major drawbacks. A very low average voltage of 1.9 V vs. Li"/Li resulted in a
comparably low energy density. Furthermore, the material could not be produced in its
lithiated form (LiTiS2), which meant that a lithium metal anode had to be used, but this
turned out to be problematic for the long-term cell performance. A few years later in
1981, John B. Goodenough reported LiCoO; (LCO) as CAM for batteries, describing the
reversible deintercalation and reintercalation of lithium ions.* Compared to TiS,, LCO
offered a lower reversible capacity of ~150 mAh/g but a higher average voltage of
3.8 Vvs. Li"/Li. Most importantly, LCO could be produced in the lithiated state and
metallic lithium was not required anymore as anode material.’ Eventually, this was
realized by Akira Yoshino and co-workers in 1985 by the implementation of a carbon-
based anode.®® For these achievements, Whittingham, Goodenough and Yoshino

received the Nobel Prize in 2019.°
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The first generation of LIBs by Sony offered a gravimetric energy density of
80 Wh/kg on the cell level.'® Over the years, constant optimization of the cell chemistry
and design has lead to energy densities of 260 Wh/kg of state-of-the-art LIBs. This
progress was mainly driven by the automotive industry to build battery electric vehicles
(BEVs) with a few hundreds of km driving range. It is estimated that an energy density
of 350 Wh/kg at cell level, which corresponds to roughly 800 Wh/kg at material level, is
required to make BEVs fully compatible with cars based on an internal combustion
engine.!! To reach these goals, current research is directed towards both optimization of
the current cell chemistry but also towards exploring new cell chemistries such as
all-solid-state batteries (ASSBs). This thesis focuses on the development of cell
components and cell hardware for solid-state lithium-ion batteries. The following
chapters will provide more insights into the cell chemistry of ASSBs, the similarities and
differences to liquid electrolyte-based LIBs as well as electrode preparation and testing

in sulfide-based ASSBs.
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1.1 Theoretical Background on Li-lon Batteries
Operating principle

The main working principle of today’s rechargeable Li-ion batteries is the so-called
rocking chair principle.!>!* This concept describes the reversible shuttling of Li-ions
between both electrodes, as schematically depicted in Figure 1.1. The three main
components of an LIB are cathode, anode, and electrolyte (in combination with the
separator, not displayed in the illustration). The electrode with the higher electrochemical
potential is the positive electrode and by convention referred to as cathode, regardless
whether the battery is in the charge or discharge process. The most commonly used
cathode active materials (CAMs) are layered transition metal oxides of the general
formula LiMO; (M =Ni, Mn, Co) and are discussed more in detail further on.
Accordingly, the negative electrode is referred to as anode and possesses the lower
electrochemical potential. The typical anode active material (AAM) is graphite (Ce),
which can host lithium between its graphene layers. However, there are more anode
materials that host lithium by different mechanisms, as will be shown later on. The
electrodes are physically separated by a porous membrane, the so-called separator,
typically made from a polymer, which serves to avoid direct contact of the electrodes
with each other. The pores of the separator as well as of the porous electrodes are filled
with the electrolyte. The electrolyte allows for ionic transport inside the cell, while the
electrons have to travel via an external electrical circuit due to the dielectric property of
the electrolyte. The separation of ionic and electronic transport is the fundamental

principle, that enables to obtain electrical energy from the battery.
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Figure 1.1: Schematic illustration of the main components and operation principle of a Li-ion battery
(LIB). The cathode (positive electrode, right) consists in this case of LiCoO, (LCO) as cathode active
material containing the Li-ions (red), which migrate through the electrolyte towards the anode (negative
electrode, left), at which they intercalate into the graphite. The electrons travel via an external circuit,
which a load is connected to, from cathode to anode and recombine with the lithium ions. Upon discharge,
all processes are reversed. The figure is reprinted from Hausbrand et a/.'> under a Creative Common
BY-NC-ND 3.0 license.

During charge, the lithium is extracted from the initially fully lithiated cathode
active material (LiCoO (LCO) in the case of Figure 1.1) to a certain degree x, see
Equation (1.1). At the same time, lithium ions are intercalated into graphite and
recombine with the electrons transported via the external circuit, as shown in

Equation (1.2)."

LiCoO, = Li;_,Co0, + x Lit + x e~ (1.1)

xCe+xLit +xe” = xLiCq (1.2)

Upon discharge, the processes are reversed and Li'-ions are shuttled back and
reintercalate into the LCO cathode. Note that during charge, energy has to be put into the
system, or can be stored in the battery, respectively, whereas the discharge provides

energy.

Typically, a material has a defined electrochemical potential as a function of its
degree of lithiation and therefore is a characteristic of the material (neglecting completely

lithiated or delithiated materials and hysteresis effects). The potentials are commonly
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referenced to the potential of the Li*/Li redox couple, set to 0 V by definition. The cell

voltage Veen 1s determined by the difference of cathode and anode potentials:

Veen = Veathode = Vanode (1.3)

If no current is drawn, the cell voltage is usually referred to as open circuit voltage
(OCV). In contrast, the cell voltage during operation can significantly differ from the
OCYV due to the presence of various overpotentials # that occur during current flow.
These overpotentials arise from resistive effects in the cell (ionic, interfacial, and/or

electric resistances) and their magnitude scales with the applied current.

The capacity of a charge or discharge cycle QOcndis can be assessed by integrating the

applied current / over the time ¢, over which that current was applied:

t
Qch/dis = fldt (14)
0

Typically, the capacity is normalized to the mass of CAM yielding the so-called specific

capacity gendis in units of [Ah - gcam™].

The specific energy Ecenn of a battery cell can be calculated from the cell voltage Veen

and the specific capacity of the cell geenn and given in units of [Wh - gl cen]:

Qcell
Ecen = j Veen (qcen) dqcen (1.5)
0

Since the occurrence of overpotentials strongly affects the measured capacity, in
battery research the term of the so-called C-rate has been established. The C-rate is a
characteristic for battery testing, which relates the applied current / to the cell

capacity Ocen and is given in units of [h'] according to:

C-rate = (1.6)

cell

Accordingly, a C-rate of 0.5 h™! means that with the applied current a full charge of the

cell needs two hours.



Introduction

Cathode active materials (CAMs)

The cathode active material is the material that determines the capacity of the cell,
since it contains the cyclable lithium atoms. As already mentioned, layered transition
metal oxides with the formula LiMO> are commonly used as CAMs. In these structures,
the lithium ions are located between layers of interconnected [MQOs] octahedra. Upon
delithiation, the lithium ions are removed from the layers, which is called deintercalation.
For each lithium that is deintercalated, one transition metal atom has to change its
oxidation state from +III to +IV, upon which one electron is released and travels to the
anode. During reintercalation (discharge) this process is reversed. The first industrially
relevant CAM of this type was LCO with a specific capacity of 150 mAh/g and an
average voltage of 3.8 V vs. Li"/Li. Later, mixed layered oxides have been developed
such as LiNii;3C013Mn;1302 (NCM111; 160 mAh/g, 3.9 V). Replacing Co by Ni and Mn
allows to extract more Li from the layers without compromising the structural stability
of the material. In the strive for higher energy density, gradually more Co and also Mn
have been replaced by Ni, leading to Ni-rich NCMs such as NCM622 (180 mAh/g, 3.9
V) or NCM811 (210 mAh/g, 3.8 V).1%:15:16

An alternative CAMs is the lithium iron phosphate LiFePO4 (LFP), which can be
structurally attributed to the olivines. In contrast to NCMs, LFP features a lower specific
capacity (160 mAh/g) and average voltage (3.4 V vs. Li"/Li), yet has some specific
advantages such as its low-cost raw materials, eco friendliness, and an increased thermal

stability, which justifies its use in applications.!”!

Anode active materials (AAMs)

The anode primarily serves to host the lithium from the cathode in the charged state
of the battery. There are different types of AAMs, i.e. intercalation materials such as
graphite!® and lithium titanate LisTisO12 (LTO)*, or alloying materials such as
silicon?!2, Each material has its benefits and drawbacks. Graphite is currently the most
prevalent AAM and features a reversible capacity of ~360 mAh/g. The low potential of
~0.1 V vs. Li"/Li in the lithiated stage offers a high cell potential, which is beneficial for
the energy density.!” The downside of such a low potential is the decomposition of the
electrolyte at the AAM/electrolyte interface, forming solid decomposition products, the
so-called solid electrolyte interphase (SEI). The SEI is ionically conductive as well as

kinetically stable and prevents further electrolyte decomposition once it has been
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established.!*?*?* The composition of the SEI can be affected by the electrolyte
composition and the choice of certain additives or the temperature at which the first
charge/discharge cycles are conducted. The first (few) charge/discharge cycles are
commonly referred to as “formation” cycles during which the SEI is being formed. The
aim of the formation is to minimize the contribution of the SEI to the cell resistance. In
comparison to graphite, LTO features with 175 mAh/g a lower specific capacity.
Together with a significantly higher operating voltage of ~1.55 V vs. Li'/Li, the
achievable energy density using LTO is much less compared to graphite. Moreover, no
SEI is formed on LTO due to the high operating voltage. Additionally, LTO allows for
fast charging-applications since high overpotentials (~ 1.5 V) during fast-charging can

be tolerated before running into the danger of lithium plating,%-2>-2°

The continuous strive for higher energy densities led to the use of silicon as anode
material. Silicon forms alloys with lithium and can accommodate up to 3.75 atoms of Li
per Si, forming the crystalline phase LiisSis. Thereby, a high specific capacity of
~3580 mAh/g and a comparably low average potential of ~0.2 V vs. Li"/Li are very
promising for maximizing the energy density. However, a large volume expansion of
nearly 300% upon lithiation leads to a mechanical disintegration of the Si particles. The
repetitive expansion and contraction of the particles upon cycling continuously ruptures
the formed SEI. Consequently, a severe capacity fading is observed and the cycling

stability tremendously compromised.?!-227-28

Pure lithium metal would offer the highest energy density due to its high specific capacity
~3860 mAh/g and its low operating voltage. However, the formation of lithium dendrites
upon cycling poses a safety risk, as the dendrites eventually lead to short circuiting of the

cell.'4??

Electrolytes & separator

The electrolyte in a conventional LIB consists of an organic, aprotic solvent
(mixture), in which a lithium salt (e.g. LiPF) is dissolved, typically in a concentration
of' 1 M. Usually a mixture of cyclic carbonates such as ethylene carbonate (EC) and linear
carbonates like ethyl methyl carbonate (EMC) or diethyl carbonate (DEC) is used to
optimize electrolyte properties such as viscosity, usable temperature range, the formation
of a stable SEI, and the solubility of the Li-salts. For the separator, typically a thin (~15-

30 um), porous polyolefin membrane is used.'*



Introduction

1.2 Liquid versus Solid Electrolyte LIBs

Knowing the working principle and the main components of a liquid electrolyte-
based LIB, we now focus on Li-ion all-solid-state batteries (ASSBs). The basic operating
principle, i.e. the reversible shuttling of Li-ions, is the same and even many of the cathode
and anode active materials, such as NCM, silicon, or lithium, are used as well. However,
replacing the liquid electrolyte and the separator by a solid electrolyte (ionically
conductive, electronically insulating) substantially changes the cell chemistry and the
mechanics inside the cell. While the liquid electrolyte in conventional LIBs can penetrate
into the porous electrodes and thereby ensures a good ionic contact between active
material and electrolyte, the situation in ASSBs is more complex. Here, the physical
contact of two, more or less rigid, solids determines the ionic conduction. Increasing the
cell pressure to several hundreds of bars ensures a good contact in lab-scale cells, but is
not an option that can be considered on an industrial level. Therefore, a clever interfacial

design is one main criterium for well-performing ASSBs.

In the following, we further elucidate the materials and the different cell chemistries
of ASSBs and elaborate the main differences in the electrode design to conventional
LIBs. Lastly, we critically evaluate the promises and possible chances of ASSBs and if

these still hold true.

1.2.1 Solid Electrolytes

An ASSB is defined by the class of solid electrolyte (SE) of which it is composed.
There exist three main classes of solid lithium ion conductors: polymers, oxides and
sulfides. Recently, there is also the evolving class of halides to consider.**! Within each

class, different types of SEs can be distinguished, as shown further on.

Polymeric systems consist of an organic polymer (e.g. polyethylene oxide (PEO)),
in which a lithium salt (e.g. LiPFs or LiTFSI) is dissolved.*? The advantage of polymeric
systems is their mechanical flexibility and the comparatively easy preparation from low-
cost materials. The downside however is that PEO-based systems feature a very low ionic
conductivity (10® — 107 S cm™) at room temperature due to limited chain motion and
thus require high operation temperatures of >50°C for a sufficiently high ionic
conductivity of the polymer. Attempts have been made to increase the chain flexibility
at low temperatures by the addition of plasticizers such as succinonitrile (SN) or by

blending with other polymers such as polyacrylonitrile (PAN), which can indeed increase

8
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the ionic conductivity by a few orders magnitude at room temperature. However, its
absolute value is still too low at room temperature, so that this still remains a challenge

for polymeric systems.3*-3¢

Oxide-based solid ion conductors mainly consist of three structure families:
garnets (e.g. LisLasZr012 (LLZO)), NASICON-like materials** (e.g.
Lii 3Alo3Ti1.7(PO4)s (LATP)), and perovskites** (e.g. LaosLiosTiO3). The latter class

37-40

is of high academic interest, since it facilitates the mechanistic understanding of ion
conduction in solids by structural modifications such as the deliberate introduction of
vacancies by aliovalent doping.*** Optimized garnets and NASICON-like materials
offer moderate values for the ionic conductivity (10~ — 10 S cm™) at room temperatures
and promising properties regarding atmospheric and (electro-)chemical stability.?” Still,
major drawbacks of oxide-based systems with regards to their application in ASSBs are
their brittleness and high interfacial resistances. The latter can be reduced by high-
temperature annealing, which however is an additional laborious and costly processing
step.’®37 Their brittleness however, remains an issue, which often causes mechanical

failure of the cell by cracking.

Sulfide-based systems can be divided into thio-LISICON materials and argyrodites.
The thio-LISICON class has been established by Kanno et al. in the early 2000s by
reporting several compounds with a high lithium ion conductivity within the lithium-
germanium-sulfide system. One of the early representatives of this material family is the
compound Li3 25Geo25Po.75S4 featuring an ionic conductivity of ~2 - 102 S cm™! at room
temperature.***® Later on, the ionic conductivity could be even further increased to
12- 10 S cm™ at room temperature with the compound Lij0GeP2S12 (LGPS), which is
similar to the conductivity of liquid electrolytes.*’ Attempts were made to substitute the
expensive Ge in LGPS by Sn and Si resulting in the more affordable compounds
LijoSnP>S12 (LSPS) and LijoSiP2S12 (LSiPS) as well as solid solutions thereof with
slightly lower but still substantial conductivities of ~6-10°Scm™ (LSPS) and

~2-102 S cm™ (LSiPS) at room temperature, respectively.’>>

At the same time, progressively more attention was drawn to the family of lithium
argyrodites of the general formula LisPSsX (X = CI, Br, 1).>*>7 The two most prominent
compounds of this family are LisPSsCl (LPSCI) and LisPSsBr (LPSBr), each of them
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offering a high ionic conductivity of > 10 S cm™'. Therefore, argyrodites are currently

the most commonly used electrolyte material in the ASSB research field.

Compared to the other SE systems, sulfides offer in general the highest ionic
conductivity. Structurally, this observation can be explained by a larger radius and a
higher polarizability of sulfur anions compared to oxygen anions, which is beneficial for
the ionic transport through the structure.>® In analogy to the structure motif in LISICONs
such as y-Li3PO4, the main building unit in thio-LISICONs and argyrodites are isolated
and/or interconnected [PS4]-units and [ES4]-units (£ = Si, Ge, Sn), respectively, which

is why sulfide-based materials are also referred to as thiophosphates.**>-6?

Sulfides attract great interest in research not only due to their high ionic conductivity
but also due to their favorable mechanical properties. Their ductility allows for a straight-
forward preparation of dense samples by cold-pressing of the powder, resulting in
pelletized cell components. On the other hand, one main issue of sulfidic SEs is their
limited electrochemical stability. On both interfaces towards anode and cathode, severe
decomposition reactions are expected to occur, contributing significantly to the overall
cell resistance.’!*> Hence, additional protective interfaces are generally mandatory for
the use of sulfide-based SEs. Additionally, the poor chemical stability against ambient
atmosphere is a major obstacle for thiophosphates. The P-S bonds are susceptible to
hydrolysis by water vapor in ambient atmosphere, which significantly decreases the ionic
conductivity due to decomposition of the material.®>%” Furthermore, toxic Ha.S is
released, which poses a risk to health and hence an obstacle to the commercialization of
sulfides. However, modifications to the material by surface coatings or O-substitution
allow handling of the material under dry-room conditions without major losses in the

ionic conductivity.5%7°

In addition to pelletized samples that are obtained by cold-pressing of the pure
powder, sulfidic SEs also allow for thin, sheet-type composites by slurry processing of
the SE with a polymer. In doing so, many research groups focus on the selection of
appropriate solvent and binder systems.”!”’® Applying this method, 50 — 100 um thin
separator-sheets with several tens of centimeters in lateral dimension can be easily
produced on the lab-scale, while separators of these dimensions with oxides cannot be
produced by as easily. Hence, the superior processability of sulfides might be the key
property enabling the transition from lab- to pilot-scale production and eventually to an

industrial level.””-’8
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Figure 1.2: Schematic illustration of a sheet-type, sulfide ASSB and its components: I. Metal anode on a
copper current collector. IL. Separator-sheet consisting of a sulfide solid electrolyte (dark yellow particles)
and a polymeric binder (gray lines). III. Composite cathode coated on an aluminum current collector
consisting of a CAM (gray particles), sulfidic catholyte (yellow particles), polymeric binder (gray lines)
and conductive additive (black lines). Note that in this illustration a bimodal particle size distribution for
the catholyte is used. Sulfidic electrolytes in separator and cathode are displayed in differently shaded
colors since the used SEs in separator and composite cathode must not necessarily be the same. Dimensions
ofthe electrodes are not drawn to scale. Compression effects such as particle rearrangement or deformation
are neglected for simplicity.

1.2.2 Composite Cathodes

In this subsection, the design of composite cathodes and the material requirements
will be elucidated. Note that the presented concepts apply only to sulfide-based ASSBs

and may be different in certain aspects for oxide- and polymer-based systems.

Similar to the separator, one has to distinguish pellet-type and sheet-type cathodes.
In the simplest case, pellet-type cathodes, consist of SE and CAM only, which are cold-
pressed into a pellet, usually with several mm in diameter and 0.2 -1 mm in
thickness.”>%" Sheet-type cathodes are typically slurry-processed in a solvent and tape-
casted on an aluminum foil.”>#!#> Thereby, mechanical stability is obtained by the
addition of a binder. Recently, first studies have also reported dry-processed
electrodes.®*®” Additionally, conductive carbon additives are required to ensure good
electric conductivity throughout the electrode, which becomes important especially at
high rates. Here, the choice of a suitable carbon type appears to be crucial, since

decomposition reactions of the SE can be facilitated by the conductive additive. %
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Compared to cathodes for conventional LIBs, there are two main differences of
composite cathodes for ASSBs. First, a protective surface coating of the CAM is
generally required to prevent oxidative decomposition of the solid electrolyte and the
formation of a resistive interphase between SE and CAM. Thereby, the coating layer
serves to bridge the potential gap between the limited electrochemical stability window
of the SE and the CAM.”® Widely applied coatings are based on layers of SiO,,%'™
LiNbO3,”* LiNbg sTa0 503> or Zr0,® on the CAM, with thicknesses in the range from 1
—200 nm.

The second major difference is of mechanical nature and concerns the physical contact
of electrolyte and CAM. For a good ionic connection of the CAM particles, a seamless
contact with the SE is required, and voids within the electrode should be minimized.
Usually this is realized by high compressive forces during electrode preparation so that
the CAM particles are firmly embedded into the softer SE, which deforms upon
compression. However, the CAM particles often mechanically crack before a perfect
contact of all particles can be established, so that the material parameters have to be
matched. One of these essential parameters is the mass ratio of CAM:SE. In doing so, a
SE fraction of at least 30 wt.% is required to ensure a good cycling stability. Further
increasing the SE contents reduces the energy density of the composite cathode but has
no beneficial effect on CAM accesibility.”> Furthermore, the particle size ratio of CAM
and SE has proven to be another essential parameter for well performing cathodes.”””®
Shi and co-workers defined for this purpose the parameter A, which relates the diameter
of the CAM particle to the size of the used SE, and show that the SE particle size has to
be at least three times smaller in diameter to ensure an ionic connection of all CAM
particles for high CAM fractions.”® Since the spherical CAM particles cannot pack fully
dense, it is beneficial to use smaller SE particles to fill the void between CAM particles.
A bimodal particle size distribution of the SE may additionally help to effectively fill the

voids with the electrolyte, as indicated in Figure 1.2.7%%
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1.2.3 Anodes

In terms of anode materials, different concepts can be found in the research field of
ASSBs. For lab-scale testing and studies on separator and cathode, indium has proven to
be a very reliable material. Indium forms defined alloys with lithium. The In/In;Li; redox
couple has a defined potential of 0.62 V vs. Li"/Li, which the cell potential can be
referenced to.!%1%2 Additionally, the higher potential compared to lithium metal
mitigates decomposition reactions at the interface to the separator. Typically, a metallic
indium foil is attached to the separator. Recent studies however indicate kinetic
limitations of pure indium metal foil anodes, so that composites of indium-lithium and

SE are preferred.!0>104

Silicon is a very promising anode material for ASSBs and is used either as pure
silicon powder or as composite, blended with SE. Different groups reported the
observation of columnar Si-structures after the first lithiation and subsequent delithiation.
The origin of the formed columns is not fully understood yet. Upon further lithiation, the
material can expand into the formed voids, so that the volume variation of the material
appears to be less problematic compared to liquid electrolyte-based LIBs. Consequently,
the full capacity of the material can be utilized making silicon an attractive option to

increase the energy density.!%>1%7

Lithium metal offers the highest specific capacity amongst the available AAMs, as
already discussed. However, in combination with sulfidic SEs as separator various
problems arise. One is the chemical incompatibility of thiophosphates with metallic
lithium, leading to a resistive interphase.®®!%1% Similar to the CAM/SE-interface, a
protective coating is required, yet only a few materials are chemically stable against
metallic lithium. Second, the high cell pressure of several tens of MPa that is required
for operating sulfide-based ASSBs leads to a compressive force induced creep of the
metallic lithium that can result in short circuits.!*!1%!!! Consequently, the cell pressure
has to be reduced to a few MPa in case lithium metal is used, which compromises the
performance of the cathode. Lastly, lithium dendrite formation limits the cell lifetime
and poses a significant risk to cell safety for bigger cells. Recent studies show that voids
are formed at the lithium/separator interface upon stripping of lithium from the anode,
resulting in local contact loss. Those voids lead to high local current densities during

plating and facilitate dendrite growth.!1%!13
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In summary, this section provided an overview of the materials used for ASSBs and
described the main differences to conventional LIBs, based on a liquid electrolyte. It can
be clearly seen that ASSBs have some intrinsic chemical and mechanical drawbacks that
are related to the cell chemistry and the use of solids only. On the other hand, there are
also certain potential advantaged of the ASSB technology, which will be discussed in the

next section.

1.3 Promises of All-Solid-State Batteries

Throughout the literature there are three central claims why ASSBs could be superior
to conventional LIBs: (i) SEs might enable the use of a lithium metal anode, since their
rigid nature prevents the growth of dendrites, thereby enabling batteries with a higher
energy density. (i) The absence of lithium-ion concentration gradients due to a
transference number of 1 for the lithium ion transport should allow for fast rates and
hence an increased power density. (ii7) Battery safety might be enhanced due to the use

of noninflammable materials only.'!*1!°

These potential advantages are mostly based on the inherent material properties rather
than on actual measurements, so that it still remains to be proven by full-cell tests that

they indeed can be realized

The chemical stability of sulfides against lithium metal has already been discussed
above, concluding that sulfidic SEs become chemically reduced when in contact with Li
metal, leading to the formation of resistive interphases. A similar behavior has been
observed for most oxide-based SE systems.!'®!'7 Solely LLZO is considered to be
chemically compatible with lithium metal; although it was found that zirconium in LLZO
is reduced (reduction potential ~0.05 V vs. Li"/Li) and that an oxygen depleted interlayer
is established, this interlayer appears to be kinetically stable which prevents further
reduction.''® Doping LLZO with either Al or Ta is reported to provide an even better
LLZO/Li interface.''® Even though it is chemically and/or kinetically stable, there is still
the issue of Li dendrites that propagate along the grain boundaries or through mechanical
defects in the LLZO-based separator. Most likely the dendrites result from high local
current densities due to pit formation upon Li stripping, as the rigid LLZO cannot
compensate for local contact losses.!?*!?! To mitigate this problem, several research
groups implemented a flexible polymer layer between lithium metal and LLZO showing

dendrite-free cycling of the cell.!?>!?* Although PEO is not stable at such low potentials,
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a stable SEI is formed.!'?* Lastly it is worth mentioning that even though the use of Li
metal anodes might be feasible for an all-solid-state battery (ASSB) and would thus boost
the energy density on a cell level, another important metric, particularly for BEV
applications is the energy density on a module level. Due to the higher necessary stack
pressure for ASSBs, compared to conventional LIBs, a more massive housing is required,

which might cancel out the gain in energy density by the use of a Li metal anode.

Secondly, high power densities should be possible due to a transference number for
the lithium ions of 1. In this case, high charge and discharge rates should be possible
without the occurrence of overpotentials due to concentration gradients in the electrolyte
phase. In principle, this holds true for inorganic SEs such as sulfides and oxides, as the
anions are fixed in the crystal lattice. Note that is not true for polymeric systems that are
based on a mixture of a polymer and a lithium salt, in which a concentration gradient can
be build up, since the anions are mobile similar to a liquid electrolyte. For polymer SE/
hybrid electrolyte, however, high charge/discharge currents could be demonstrated under
special conditions for a sulfide-based system.!!*!'°> For the sake of completeness, it has
to be mentioned that currently poor contacting between the electrode materials dominates
the internal cell resistance and thus the entire overpotential of the cell. Accordingly, the
electrolyte inherent advantage of the high transference number can only be exploited if
the contacting between the electrode materials is optimized. Nevertheless, the statement

is true for oxygen- and sulfur-based systems.

Lastly, the inherent safety of ASSBs may be increased compared to conventional
LIBs. As already discussed above, it has been claimed short circuiting by Li dendrites
can be excluded by the use of polymer layer on the lithium metal. Yet, short circuits are
not the only safety risk for a battery, as a thermal runaway can represent a tremendous
safety hazard. Similar to organic liquid electrolytes, organic polymer electrolytes are
flammable. While oxide-based SEs are not expected to be flammable, recent studies
show that sulfides can exothermally react with oxygen that is released by NCM-based
CAMs at high states-of-charge (i.e., at a high degree of delithiation).'?> Furthermore, the
release of toxic H2S upon contact of the ASSB with water (e.g. when the battery module
would be severely damaged in a car accident) has to be considered. Hence, only oxide-

based systems can be declared as inherently safe.
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In conclusion, none of the currently used SEs have so far been confirmed to fulfill
all of the three above mentioned promises. Therefore, the general statement that ASSBs
are inherently superior in terms of energy density, power density and/or safety compared
to conventional LIBs, cannot yet be claimed. However, a clever combination of the
beneficial properties of the various materials might eventually fulfill at least partially

these promises.

1.4 Structure of the Thesis

This section is supposed to explain the structure and main topics of the thesis and

thus serves the reader for a better orientation within this thesis.

Chapter 1 provides an overview about the lithium ion battery (LIB) technology, the
underlying working principles and the used materials. The concept of an all-solid-state
battery (ASSB) is introduced, describing its different components. Finally, the promises
of ASSBs are critically discussed.

Chapter 2 focuses on the used experimental methods. Thereby section 2.1 explains
in detail the design and the validation measurements for the three different cell
generations that have been developed during this PhD thesis. The presented concepts of
this section are not published; however, a substantial amount of time and effort has been
invested into the development of the cell hardware, which has become the standard cell
hardware for anyone in the group working on ASSBs. Sections 2.2 - 2.4 explain the used

analytics and how they are applied in the context of ASSB research.

Chapter 3 summarizes the conducted scientific work. First, a study on the
development and characterization of composite separator-sheets, made from a sulfide
solid electrolyte and a polymer binder, is presented (subsection 3.1.1), followed by their
implementation in ASSB pouch cells with a micro-reference electrode (subsection 3.1.2).
The second section focuses on the characterization of lithium phosphides, a novel class
of solid electrolytes, discovered by the group of Prof. Thomas Fissler (a cooperation
partner at TUM). We thoroughly investigated selected compounds of this material class
with respect to their ionic conductivity and activation energy (subsection 3.2.1) as well

as their reactivity with ambient atmosphere (subsection 3.2.2).

Lastly, Chapter 4 concludes the findings and learnings of this PhD thesis.
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2 Experimental Methods

The purpose of this chapter is to provide an overview about the most important
experimental methods that were applied in the frame of this PhD thesis. First, we present
different types of cell hardware and measurements to validate their performance.
Afterwards, the focus is on further characterization methods we used. For each technique,
a short but concise description of the theoretical principle is provided with references to
textbook literature for a more detailed account. The main focus is to describe the specific
benefits of each method, the reason why we chose to use them, and why we considered
them as appropriate for our purposes. Essential mathematical calculations as well as
assumptions we made are provided for a better understanding of how we obtained the

measured and determined parameters.

2.1 Development of ASSB Cell Setups for
Material and Cell Characterization

During this PhD, three different types of cells have been developed, each with its
own and very specific field of application. Since there is no publicly available literature
on “how to build an ASSB test cell”, we want to share our thoughts and the experiences
we made on our journey to develop ASSB cell hardware. In the following, all three cell
setups are presented. Subsequently, we discuss the major learnings we experienced upon
designing, building, validating, and refining the cells, namely with regard to: (i) the
sealing concept, (ii) the pressure application and control, (ii7) the geometric requirements
and choice of materials for specific cell components, and (iv) the stray capacitance of the

cell and its influence on EIS measurements.
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2.1.1 Cell Generations

The chronologically first cell generation, also referred to as “screw cell”, is shown
in Figure 2.1. This cell was mainly used in order to determine the ionic conductivity of
solid electrolytes from the class of the lithium phosphides (cf. subsection 3.2.1). One
main characteristic of these materials is their brittle nature, so that effectively no pellet
preparation in a hydraulic press was possible, since the pellets crumbled upon removal
from the pressing tool. Hence, the approach was to load an appropriate test cell with the
powdered material and to densify the sample in situ. For the here designed test cell (see
Figure 2.1), the pressure is applied by fastening the six screws at a defined torque, which
provides a sufficiently high force that in combination with a small sample area (8.0 mm
diameter corresponding to ~0.50 cm?) yielded the desired high cell pressures
(100 — 600 MPa). Since the sample could not be extracted from the cell without breaking
into pieces, the sample thickness was determined by measuring the distance between
lower and upper current collector at selected points and subtracting the respective values
from a blank measurement without sample. For this purpose, we drilled six holes in a
symmetric configuration into the outer face of the current collectors, to which the tips of
a caliper would fit (holes not shown in the drawing). Sealing the cell is realized by two

O-rings.

Genl cell —,,screw cell*

. small sample diameter (o 8 mm; ~0.50 cm?)
. in situ pelletization

. high pressures (100 — 600 MPa)

. used for SE conductivity determination
piston

screws

pelletized sample

piston N\ PTFE coated fabrics

dies upper current collector

PEEK tube

casing

lower current collector

screw nuts

Figure 2.1: Exploded-view drawing of the first cell generation, showing and labelling all components and
describing the main characteristics of the cell. Adapted with permission from Strangmiiller et al.!?S.
Copyright 2019 American Chemical Society.
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The second cell generation is the so-called “spring cell” displayed in Figure 2.2. This

cell was mainly used for two purposes. First, for the conductivity determination of

separator-sheets made from sulfidic SEs and a polymer binder (cf. subsection 3.1.1),

which are either compressed inside the spring cell, or pre-compressed at higher pressures

using a hydraulic press and then inserted into the spring. Second, the cell can be used for

electrochemical testing using electrodes and separator sheets with 8.0 mm. Compared to

the screw cell, the spring cell has a lower pressure range (10 — 100 MPa), which,

however, is sufficient for charge/discharge cycling experiments. For the spring cell, the

pressure is adjusted by the defined compression of a spring (see Figure 2.2a).

Furthermore, we implemented a refined sealing concept by the use of a Cu-gasket and a

PTFE flat seal (see Figure 2.2b), since we observed insufficient sealing by the use of O-

rings, as discussed later on.

Screw for spring
compression

Cell casing

Compression spring

/Sliding POM sleeve

Cell body

POM sleeve

Gen2 cell —,,spring cell”

Upper current collector plate

Stainless steel bellows

Hole for electrical connection l‘*

. 8 mm smaple diameter (~0.50 cm?)
. moderate pressures (10 — 100 MPa)
. used for characterization of sheet-type

separators and charge/discharge cycling

Knive-edge seal
with copper gasket

Stainless steel bellows

Piston

PTFE flat seal
PEEK tube
Cell stack
Dies

Cell body

‘H\ POM sleeve

Figure 2.2: Drawing and main characteristics of the second cell generation in side (a) and sectional view
(b) with, showing and labelling all components. Reproduced from Sedlmeier et al.'?’ with permission
from J. Electrochem. Soc. under the terms of the Creative Commons Attribution 4.0 License.
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The third cell generation is a pouch cell configuration for charge/discharge cell cycling
and is displayed in Figure 2.3. By progressively increasing the electrode area (2x2 cm)
and decreasing the cell pressure (1 — 24 MPa), we aimed to make the transition from
purely lab-scale cells to a more application-oriented test cell hardware. Furthermore, the
open geometry of a pouch cell enables the integration of a reference electrode, as
described in subsection 3.1.2. The here implemented p-reference electrode (pu-RE)
allows for advanced diagnostic methods, such as electrode-resolved impedance

spectroscopy or the exact determination of the half-cell potentials via the p-RE.

(13
Gen3 cell - ,,POUCh cell Cul-lcurrent_ X wire-shaped Pouch foil
. application oriented (2x2 cm electrodes) co e<t:Jtor wit u-RE welded
. low pressures (1 — 24 MPa) Ni-ta to Ni-tab
. cycling & advanced diagnostics \
a) b)

I

/ LPSCI/HNBR
In/InLi

separator sheet
electrode

foamed
PTFE

Figure 2.3: Drawing and main characteristics of the third cell generation. (a) Assembled pouch cell in the
home-made stainless-steel pouch cell holder. Pressure is applied by the defined compression of six springs.
(b) Exploded-view drawing of the pouch cell assembly, in this case a symmetric In/InLi | In/InLi cell with
a u-RE using two LPSCI/HNBR separator-sheets. Since it is a symmetric cell, all cell compounds are
labelled only once. Note that the very thin (64 pm), wire-shaped micro-reference electrode (u-RE) reaches
to the middle of the separator-sheets but is difficult to see, as all cell parts are displayed in the correct
dimensions. Also note that the pouch bag is not sealed in this illustration. Many thanks to Philip Rapp for
the graphical processing of the technical drawings. Printed with permission from Philip Rapp.
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2.1.2 Sealing Concepts

A reliable long-term sealing is an indispensable key-requirement for any ASSB test
cell, since both sulfidic and phosphidic SEs are air-sensitive compounds and degrade
upon contact with water vapor. Occasionally cells can be measured inside the glovebox,
but practically this is not really desired, as the integration of a battery cycler or a
temperature chamber into the glovebox is impractical. Hence, a proper sealing is strongly

desired.

Screw cell sealing design

For generation 1 cell, we chose O-rings made from fluoro-rubber, which are
commonly used gaskets, and equipped both pistons with one O-ring each, referred to as
“gaskets” in Figure 2.1. A groove in the piston guarantees the correct position of the
gasket. Upon insertion of the pistons into the PEEK tube, the gasket is compressed, since
it is slightly bigger in diameter (8.1 mm) than the PEEK tube (8.0 mm). In order to
validate the tightness, we loaded the cell with air-sensitive LigSiP4 SE and conducted
electrochemical impedance spectroscopy (EIS) measurements outside the glovebox in a
temperature chamber at 25°C, monitoring the impedance evolution over a course of
16 hours, with one spectrum being recorded every two hours, as displayed in Figure 2.4a.
From the impedance spectra it can be clearly seen that the impedance increases over time,
which indicates a gradual decomposition of the SE material, presumably by intrusion of
moisture into the cell. Over the course of 16 hours, the solid electrolyte resistance Rse
increases by ~33% (see Figure 2.4c). Remarkably, most of the increase occurs during the
first two hours (~22%), after which the increase in impedance becomes progressively
less over time, indicating a passivation of the SE material. Once grease is applied to the
section of both pistons that is between the gasket and the current collector, the cell is air-
tight, indicated by a constant impedance over time (see Figure 2.4b and d). However,
when applying grease to the pistons it is important to take care that no grease gets in
contact with the sample or the dies, as this might affect the measurement due to the

electrically insulating properties of the silicone grease.
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Figure 2.4: Leak test of the generation 1 cell with water vapor sensitive LigSiP4, conducted by monitoring
the impedance evolution over the course of 16 hours. One spectrum (7 MHz — 1 Hz, 10 mV perturbation
voltage) is recorded every 2 hours. Cells were assembled inside an argon filled glovebox at 25°C and
measured under ambient atmosphere in a temperature chamber at 25°C. Screws were fastened with 30 Nm
torque each. The cell, which is tightened by two O-rings applied to the ungreased pistons (a) leaks over
time, indicated by the continuous increase in impedance, whereas additional greasing of both pistons (b)
ensures a firm sealing over the course of 16 hours. The electrolyte resistance Rsg, obtained by an R/Q+Q
fit of the spectrum, is displayed versus time in (¢) and (d) using non-greased and greased pistons,
respectively. Note that the amount of sample is different for both cells and hence also the total resistance.
The dashed line in (d) is a guide-to-the-eye.

Although O-rings are commonly used for sealing purposes, our approach did not result
in an air-tight sealing without additional greasing of the pistons. We believe, that
inserting the piston with the gasket into the PEEK tube and pushing the pistons several
centimeters further down to the middle of the PEEK cylinder is the reason for the
observed leaks. Although the gasket is larger than the inner diameter of the PEEK tube,
the gasket might be damaged upon pushing the piston further into the tube. Additionally,
it has to be considered that the inner side of the PEEK tubes was mechanically cleaned
with a brush each time after usage, which might cause small grooves that cannot be

sufficiently sealed by the gasket in the way we used it.

In the literature however, gaskets are used to seal cell for ASSB research. For
example, the test cell built by the company rhd instruments (Darmstadt, Germany)'?® and
the lab-cell used at the university of GieBen®>!? feature O-rings. However, in both cell
designs, the O-rings are actively compressed between two metal plates or with a screw,

which appears to provide a more reliable sealing.
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Spring cell sealing design

Having made this experience, we refined the sealing concept for the second cell
generation. Here, the sealing is realized via a flexible, custom-made steel bellows
(Metallic Flex GmbH, Germany). This kind of component is used for ultra-high vacuum
applications and hence absolutely air-tight. Additionally, steel bellows are flexible, so
that the pressure onto the sample can be varied during the experiment, which is not
possible for O-rings. The upper end of the steel bellows is connected to the upper current
collector via a copper gasket and a knife edge seal (DN 16 CF). At the lower end of the
steel bellows, the use of a copper gasket is not possible, since the cell body and the upper
current collector have to be electrically insulated from each other. Hence, we chose to
use a PTFE flat-seal. For this purpose, the steel bellows is equipped with a metal socket
to press the PTFE flat-seal against the cell body (cf. Figure 2.2). Upon compression,
realized by fastening six M4 screws, the PTFE expands and adapts to the surface
roughness, thereby sealing the gap between the bellows and the cell body. In order to
design the dimensions of the PTFE flat seal appropriately, some essential considerations

have to be made:

I.  The expansion of the PTFE must be large enough to compensate for the
surface roughness.

II.  PTFE is quite permeable for water vapor; hence the seal has to be as thin as
possible to minimize water permeation along the radial direction of the
flat-seal.

III.  Permeability scales inversely to the radial width of the seal; however, the
force that can be applied is limited by the dimension of the steel bellows and

the tear strength of the M4 screws (A4 steel).

The cell body and the metal socket are made by using a lathe and a milling machine,
which allow for an average surface quality of R, = 3.2 (according to DIN EN ISO 1302)
and R, = 0.8 for a fine finish, which describe the mean surface roughness in micrometer.
Accordingly, the PTFE flat seal has to compensate for up to 6.4 pm of surface roughness
in the most extreme case (two opposing 3.2 um pits in cell body and socket).
Compressing the PTFE to a yield point of 10% implies the PTFE foil should be at least
64 pum thick. Practically, it is recommended to account for some tolerance and use a

thicker PTFE seal.
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Initially, we started with a 340 um thick PTFE foil and validated the quality of the
sealing by means of a vacuum leak test. The setup is displayed in Figure 2.5. We
assembled a system with a vacuum pump, a pressure gauge and several valves, to which
the cell body and the steel bellows could be connected. All valves, stainless-steel lines
and fittings are Swagelok® products. First, a blank measurement is performed (blue
curve). In doing so, the connection of the line with the steel bellows is closed with a blind
plug. Subsequently, the setup is evacuated for 5 min, before valves 2 and 3 were closed.
Note that valve 1 (for venting the system) was always kept closed and valve 4 open
during the experiments. The blank measurement shows an initial increase in the pressure
during the first 24 hours, which completely levels out afterwards. We attributed this to
desorption of physisorbed water on the steel surface and do not consider the setup to leak.
Performing the same experiment with the cell body and steel bellows connected via a
340 pm thick PTFE seal, we observed similar results and concluded that the PTFE
flat-seal is sufficiently tight.

a) b)
vacuum pump 14 .
pressure gauge 1.2 /
; 7
g 1.0
valve 2 &
0.8 | ~
valve 1 valve 4
|—v— blank measurement
‘D‘Q % 06} | 340 ym PTFE seal
valve 3 cell body with - A i J . . p P
steel bellow 0 10 20 30 40 50 60 70

t/h

Figure 2.5: Setup for the vacuum leak test of the PTFE flat-seal in the generation 2 cell. The steel bellows
is attached to the empty cell body with a 340 pm thick PTFE flat-seal (compressed to 10% yield point).
The bellows is attached to the steel line by a copper knife-edge gasket. All connections and valves in the
experimental setup are connected via Swagelok® line fittings (a). Recording of the pressure in the
experimental setup over the course of 70 hours after evacuation to ~0.5 mbar (b). For the blank
measurement (blue line), the connection of the line with the steel bellows was closed with a blind plug.
The measurement to evaluate the sealing properties of the PTFE flat-seal is displayed in ocher. Note that
no data points were taken in the interval between 24-70 hours.

In a second step, we gradually reduced the thickness of the PTFE flat-seal, since PTFE
is quite permeable to water vapor and since minimizing water intrusion into the cell is
crucial for long-term measurements. Reducing the thickness of the seal reduces the
effective cross-sectional area for permeation. Eventually, we found that a thickness of
100 um is sufficient to provide a good tightness of the cell, which is confirmed by the

observation that the impedance of an LSPS sample stays constant over the course of at
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least 100 hours (data not shown). Interestingly, we also found a 50 um thick PTFE foil
to seal sufficiently well. This means, that the surface roughness of the cell body and the
metal socket is even less than the initially specified surface quality (see above). In this
context it is worth to mention that we could not determine the surface roughness

experimentally but made our initial calculations based on the maximum tolerance values.

The permeation of water scales inversely to the length on which the seal is
compressed, hence a larger diameter of the seal appears to be more effective. On the
other hand, the size of the seal is limited by the size of the components and the force that
can be applied by the six M4 screws, with which the steel bellows is fixed to the cell
body. For the used PTFE foil, a yield point of 10% can be achieved with a pressure of
18 N mm™ (provided by the supplier, Angst+Pfister, Switzerland). The final dimensions
of the metal socket are 23 mm for the outer and 10 mm for the inner diameter. Hence the
compression area is ~337 mm?, which results in a required force of =6.1 kN. This can be
achieved with a torque of ~2.4 Nm per screw (see Equation 2.1 and Table 2.1).
Accordingly, we designed the PTFE flat-seal with an outer diameter of 25 mm and an
inner diameter of 8 mm so that there is an overhang of 2 mm of the PTFE flat-seal at
both the outer and inner rim of the metal socket. Note that the effective compression area

is unaffected by the overhang of the PTFE foil and is merely due to a better handling.

In this context it is important to mention that for tightness evaluations via EIS it has to
be assured that all cell parts are sufficiently dried, especially plastic components that can
take up a substantial amount of water. We experienced that a drying procedure of 70°C
under dynamic vacuum for 16 hours is not sufficient to completely dry the PTFE seal
and the PEEK tube. This was shown by EIS measurements inside a glove box, where an
impedance increase over time was observed for 70°C drying temperature, while drying

at 120°C yielded a stable impedance over time.
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2.1.3 Pressure Application via Screws and Springs

Along with the sealing concept, the mode of pressure application is an important
feature of a test cell for ASSB research. In general, there are many different concepts to
apply force on a sample, such as the use of springs, the fastening of screws, or the
compression of the cell within a press (either via hydraulics or a servo motor). Each of
the mentioned options, has its benefits and drawbacks. Springs for example allow for a
very precise and reproducible adjustment of the cell pressure and can compensate for
expansion/contraction of the materials when measurements are conducted at varying
temperatures. However, the overall applicable force is rather low compared to the other
options. The fastening of screws allows to establish a high cell pressure, yet the exact
adjustment is rather imprecise without the use of a load cell, as shown later on. By the
use of a press, high cell pressures can be reached and precisely adjusted. However, since
one press per cell is required, this approach is the most cost and laboratory space

intensive one and is limited to probably only a couple of cells per lab.

For the generation 1 cell, a high cell pressure for in situ compaction and pelletization
of the sample was required, as described above. Hence, we chose to apply the force via
fastening six M 14 screws, knowing the possible drawbacks to this system. Since it was
not possible to integrate a load cell into the system, we tried validating the pressure by
other means. First, we determined the ionic conductivity of LSPS by EIS measurements
as a function of the applied torque per screw. As shown in Figure 2.6, we found the ionic
conductivity to increase with progressively higher applied torques before it levels out at
torques of 25 Nm and beyond. At this torque, we determined an ionic conductivity of
~4 mS ecm™ at 26°C, which is in good agreement with the bulk conductivity of LSPS
reported in the literature.*® At this torque, the LSPS sample was found to have a residual
porosity of =17%, calculated by assuming a crystal density of 2.254 g cm™ (data from
spec sheet of supplier, NEI Corporation, USA). From the literature it is know that several
hundred MPa are required to compress sulfide-based SEs to such little porosities.’*!13%13!
Hence, we calculated the theoretical pressure, that should result by fastening the screws
with a torque of 30 Nm and compared the thus obtained valued to the values from the
literature. The calculation and material parameters in the following are based on a

textbook in mechanical engineering.'*
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Figure 2.6: Lithium ion conductivity for an LSPS sample determined from EIS measurements conducted
in a generation 1 cell inside a glovebox at 26°C. The conductivity is plotted against the torque 7., which
each of the six screws was fastened with. The corresponding calculated pressure (pcaic) for each torque is
displayed on the upper x-axis and was calculated according to equation (2.1). Error bars correspond to the
min/max values of two measurements with the same cell.

The applied torque 73 in units of [Nmm)] is calculated via the following formula:

d d
T,=F (72 -tan(<p+p’)+uk-7k) (21)
The meaning and the numerical values of the parameters are explained in the context of
Table 2.1 (see end of this subsection), which additionally provides the values for metric
M4 screws (compression of the PTFE flat-seal in the spring cell) and for metric M14
screws (pressure application in the screw cell). F' is the resulting force given in Newton.

If not given, the lead angle ¢ can be calculated knowing the thread pitch (p) and the

effective diameter of the thread (d2) according to:

tan(p) = ?dz (2.2)

The friction angle p' depends on the thread, the material, and the lubrication via the
relationship given in Equation (2.3). We used a metric normal thread with a pitch angle
of f=60° and applied a standard PTFE lubricant to the screws made from A2 steel.
Hence, we assumed the thread friction coefficient between ug=0.26-0.45. We
performed the calculation for the minimal and maximum friction values, since we could

not determine u; and found that the resulting force deviates by ~20%. For our system,
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we assumed the higher friction coefficient of g = 0.45, since the lower values are

reported for special lubricants only.

p' = arctan ~ arctan(1.155 - p,) (2.3)

Hg
cos (g)

Thus, for one MI14 screw fastened with 30 Nm torque follows according to

Equation (2.1):

12.701 mm 21 mm)

30Nm = F - ( > -tan(2.87° + 27.46°) + 0.35 - >

Solving for the force F applied by each screw yields:

_ 30 -103 Nmm

=4 N
7.3904 mm 059

Tightening the six screws to a torque of 30 Nm and considering the sample area of

A =0.5026 cm? yields a pressure of:

6 4059 N

= 2 T 485 MP
Peell = 51 6 mm? a

This value is in fairly good agreement with the expectation stated above. Furthermore,
we compared the obtained porosity of an LSPS pellet compressed in the cell at a torque
of 30 Nm (17% residual porosity, see Figure 2.6) with the porosity of a pellet that was
compressed using a hydraulic press and a pressing tool. In the latter case, we found a
residual porosity of 22 + 1% for an LSPS sample, which was compressed at
~490 + 20 MPa (accuracy based on the readability of pressure gauge of hydraulic press).
Hence, we conclude our approach to calculate the pressure for the screw cell works
sufficiently well for its main purpose, i.e. to determination of the ionic conductivity for
various SE materials. Note that ex-situ pelleting is possible for ductile lithium sulfides
like LSPS but not for the brittle lithium phosphides, for which this cell was actually
designed; this is why we performed the above described validation measurements with
LSPS. We might have underestimated the applied pressure in the screw cell due to the

assumed friction coefficients. In total however, we believe to know the pressure
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sufficiently well based on the calculated force; however, in addition, a pressure validation

should be performed for each type of solid electrolyte that is investigated with this cell.

For the generations 2 and 3 cells, springs are used to adjust the pressure. Knowing
the spring constant allows to precisely adjust the applied force by a defined compression
of the springs. For both cell generations, block springs were used and operated in a range
of 10 — 90% of the possible compression length in order to exclude changes of the spring
constant at very low and very high spring compression. Setting the cell pressure this way
is more precise and more reliable compared to screws in our opinion. The pressure was
validation by compression tests using a pressure sensitive film (Prescale, Fujifilm, US)
in the respective pressure range and found to be in good agreement with the set pressure
(data not shown). However, the achievable pressure by springs is less compared to screws
for the same cell and sample dimensions. This is due to the limited spring constants and
compression lengths of the springs in those dimensions, which are still practical to handle
in a lab-scale environment. For example, in the spring cell, a heavy-duty spring with a
spring constant of 254 N mm' and compression length of 23.1 mm is implemented. With
that, the pressure on the samples of the same size as in the screw cell (8.0 mm diameter)
is limited to ~100 MPa. However, for the charge/discharge cycling of sulfidic ASSBs
this is more than sufficient, since sulfidic SEs can be pre-compressed in a hydraulic press
at higher pressures, so that operating pressures in the range from 20 — 70 are sufficient

(even lower pressures are typically used with Li metal anodes).”®?%104107.133
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Table 2.1: Parameters used for the torque-to-force calculation using screws with metric M4 and M14
regular threads. Values are based on “Handbuch Maschinenbau — Grundlagen und Anwendungen der
Maschinenbau-Technik*'2,

parameter meaning M4 M14

d> [mm] effective diameter 3.545 12.701
o [°] lead angle 3.60 2.87
p'[°] for ug=0.26 friction angle 16.71 16.71
p'[°] for ug=0.45 27.46 27.46
ux [-] headrest friction coefficient 0.35 0.35

dx [mm] headrest diameter 7 21

p [mm] thread pitch 0.70 2.0
/2N pitch angle 60 60

hg [ thread friction with lubrication  0.26-0.45  0.26 - 0.45

2.1.4 Geometric Considerations for Dies

The geometry of the die that is in contact with the SE sample is an essential property,
since its surface quality, such as angularity and roughness determine the contact area
with the sample. However, this phenomenon is barely discussed in literature.'?”-13% For
samples that can be compressed upon applying pressure in the cell, the following might
not necessarily be problematic, however, once the sample was externally pre-compressed
at higher pressure compared to the operating pressure, the sample becomes rigid and
cannot compensate anymore for the minor geometric deviations that are discussed in the

following.

The purpose of this subsection is not to quantitatively evaluate the effect of
angularity and surface roughness based on tolerance values of the respective preparation
method but we rather want to raise awareness of two specific geometric considerations
that we experienced to be very important: (i) angularity a and (ii) surface roughness Ra.
Figure 2.7 depicts two examples of poor contacting phenomena we have observed during
the development and validation of the spring cell. It shall be mentioned that the examples

are depicted in an exaggerated way for a better illustration of the problem. Figure 2.7a
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describes poor plane-parallelism of the die and the sample due to angularity of the die
(here referred to as the deviation of the angle between the face of a cylindrical die and
the central axis of the cylinder from 90° and marked by the angle a in Figure 2.7). To a
certain extent, this can be induced by the tolerance of the facing step during manufacture
(either via lathe turning or milling). However, we also observed angularity if dies are
improperly polished by hand during the cleaning procedure. Especially any manual
operation is very prone to introduce a slope into the surface of the die. The angularity
(a), which can be tolerated for the respective sample, can be estimated by the change in
thickness @, which the sample can compensate for upon its compression in the

measurement cell and the diameter d of the die:

o« = tan (%) =

A rough surface introduces in principal the same problem of an irregular and
inhomogeneous contacting between die and sample (see Figure 2.7b), which results in
an increased apparent ionic resistance of an SE sample, which in fact is a measurement

artifact. Hence, the use of mechanically polished dies is recommended.

These two considerations (i.e., the angularity and surface roughness) are
predominantly important for cells that are designed like the screw and the spring cell,
with all cell parts are rigid and cannot move or tilt in order to compensate for any
irregularities. In contrast, in the pouch cell setup we introduced a buffer layer between
the outer surface of the pouch cell (viz., foamed PTFE, see Figure 2.3b) and the steel
plate through which the pressure is applied, so certain geometric inhomogeneities and
irregularities can be compensated for. However, the applicable pressure range of the
buffer layer has to be considered (typically 0.1 —15 MPa). Furthermore, the surface
roughness of the current collector in pouch cells is also less of a problem, since the
current collector typically is a metal foil that is prepared by roller pressing instead of

machine turning.
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a) angularity b) surface roughness
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Figure 2.7: Illustration of the geometric effects that we faced during designing and validation the spring
cell. Both phenomena have a negative impact on the contacting between the die (gray) and a rigid solid
electrolyte (SE) sample (ocher). Important parameters to consider are the diameter of the die d, the
deviation upon manufacture a, the angularity o, and the sample thickness ¢, as well as the surface roughness
R,

2.1.5 Stray Capacitance

Lastly, we want to discuss the stray capacitance of a cell and its influence on
impedance measurements. In fact, a valuable comment of an unknown reviewer to a
publication'*> made us aware of this problem in our screw cell design, which however,
can be mitigated by certain modifications of the cell design. First, we discuss the
observed stray capacitance, its origin, as well as its influence on the impedance
measurements and the thereof determined ionic conductivity. Second, we compare the

stray capacitances of the screw cell, the spring, and the pouch cell setups.

The stray capacitance Ceen is observed if both electrodes are capacitively coupled via
certain cell components.'*® Ceai can be described by an additional capacitor in the
equivalent circuit that is connected in parallel to the sample, which itself is described by
an R/C element (Rsample and Csample). Hence, the stray capacitance adds up with Csample,
and the via EIS probed capacitance is thus Ciotat = Csampte + Ceell. Depending on the
magnitude of Ccel, the probed sample capacitance might be significantly affected or, in

extreme cases, entirely dominated by Ceel.

In order to assess Cecells, we identified its origin inside the cell. Figure 2.8 displays a
sectional view of the screw cell. Metallic components, which are in physical contact and
thus electrically connected, are displayed in the same shade of gray. The colored boxes

mark areas, where metallic components that are not in electrical contact are separated by
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an insulating layer, forming a capacitor. Hence, these features determine the stray

capacitance of the cell. In total, there are three individual capacitors:

L

IL.

I1I.

Plate capacitor C; between upper current collector and cap, separated by a
155 pum thick PTFE coated fabric (blue).

Cylindrical capacitor C> between upper current collector and screws,
separated by a 1.0 mm thick PEEK insulation (orange, six times in total).
Cylindrical capacitor C3 between piston/die and casing, separated by a

2.0 mm thick PEEK insulation (red).

The individual contributions can be calculated knowing the respective dimensions.

Stray capacitance evaluation:

1. Plate capacitor: G, ., = 0.302 nF
upper current collector-cap

2. (Cylindrical capacitor: G, . = 0.135 nF
upper current collector-screw (6 times)

3. Cylindrical capacitor: C; . = 0.0173 nF
piston-casing

Ceell,calc = 0.454 nF

Figure 2.8: Contributions to the calculated stray capacitance of the screw cell. Positions
where the capacitors are located in the cell are marked by colored boxes and assigned to the
respective cell parts. The capacitor indicated by the orange box is found for all six screws in
the cell. For better visibility, cell components which are electrically connected are displayed
in the same shade of gray. An exploded-view drawing of the cell is shown in Figure 2.1.

The capacitance of a plate capacitor is calculated by

A 25)
Cplate = &pér- ?

with 4 being the area, ¢ the thickness of the insulating media, & its relative permittivity

and ¢ the vacuum permittivity (8.854 x 10712 AsV-''m™).

For Ci (blue box) follows

26.42 cm?

=3.02 x 10710 F,
0.0155cm

C1= 80'2
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For the PTFE coated glass fiber fabric, we here assumed the permittivity of pure PTFE
with &(PTFE) = 2.0, since no information about the composite could be obtained. The
area is calculated with a diameter of 70 mm of the circular piece of fabric, from which

the area of six holes with a diameter of 16 mm (pass holes for screws) was subtracted.

The capacitances C> and Cs are calculated using the equation for a cylindrical

capacitor

: 2.6
Ccylindrical =2 - Eo&r —Rz ( . )
In (%)

Ry
with / as the length of the cylinder, R> the outer and R; the inner radius of the dielectric
from the center of the cylinder. C; (orange box) is built from an M14 screw (14 mm
diameter) that is passed through a 16 mm pass hole and isolated by a 1.0 mm thick PEEK
insulation at a length of 15 mm. Hence follows for &(PEEK) = 3.6:

15 mm

Coperscrew = 2T "€ - 3.6° W =225 x10"11F
In

7 mm

Since there are six screw, the contribution is calculated to C> = 1.35 x107'° F.

The last contribution is a cylindrical capacitor made from the piston and die, which
are inserted over a length of 35 mm into the PEEK tube (12 mm outer diameter, 8 mm

inner diameter) in the casing (red box).

35 mm
C;=2m +&,+3.6 ————=1.73 x10711F

in(5mm)

The thus estimated overall stray capacitance of the screw cell id:
Ceellcale = €1+ Co+ C3 = (3.02 + 1.354+ 0.173) x 1071°F =4.54 x 1071°F

Experimentally, the stray capacitance was determined by coworkers to be
1.83 x 10'° F by performing an EIS measurement of the empty cell, i.e., without any
sample inside and thereby adjusting a distance of 1 mm between the dies.!** To obtain
the true stray capacitance, the plate capacitor of the pistons would have to be subtracted,
however, due to the large distance of 1 mm between the pistons, its

contribution (~4 x 103 F) can be neglected. While the here calculated and
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experimentally determined differ by a factor of ~3, the order of magnitude is captured
correctly, so that we believe that the main contributions to the observed stray capacitance

are captured correctly.

If we compare the stray capacitance of the cell to capacitances we measured for solid
electrolyte samples (e.g. 4.2 x 107'° F for Li14SiPs)!%¢, we believe there is indeed a strong
influence of the stray capacitance on the measurement. This might also explain the almost
perfect semi-circles at high frequencies in the impedance spectra using the screw cell.
However, we also believe that the determined conductivity is not influenced by the stray
capacitance, since the R/Q fit of the semi-circle should still yield the correct value of RsE,
as no resistances are added to the system. This is confirmed by the observation that the
R/Q fit of the semi-circle and the linear fit of the low-frequency tail (see Figure 2.9) result
in similar values for Rse. Nevertheless, we are very grateful for the unknown reviewer’s
comment, since it pointed out this issue, so that we can consider the stray capacitance for

future cell designs.

In the meanwhile, modifications to the screw cell setup were made by the coworkers
from the group of Thomas Fissler, inspired by the cell setup from Shirley Meng’s
group.'** In doing so, the stray capacitance was significantly reduced. This can easily
done by (i) significantly increasing the thickness of the insulation between the upper
current collector and the cap to several mm (see blue marked region in Figure 2.8),
thereby decreasing Ci by a few orders of magnitude; (if) making the upper current
collector smaller in diameter so that the screws are not passed through the current
collector (see blue orange region in Figure 2.8), in which case C> disappears; (iii)
replacing the steel casing by a significantly thicker PEEK tube, so that Cs disappears (see

red marked region in Figure 2.8).

In contrast to the screw cell, the spring cell has a much lower stray capacitance, since
the only capacitors are (i) the steel bellows | cell body, separated by the PTFE flat-seal,
(i) the piston | cell body, separated by the peek tube, and (iii) the M4 screws | steel
bellows, separated by PEEK sleeves, as shown in Figure 2.2. In analogy to the above-
mentioned calculations, the stray capacitance was estimated to 8.1 x 10! F and
experimentally determined to be 1.6 x 10! F. Since in the spring cell mainly sulfidic SE

composite sheets with a capacitance in the order of ~10®-107F had been
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investigated,'?” we do not expect a significant influence of the stray capacitance on the

measurements.

For the pouch cells, no geometric stray capacitances are expected, based on the cell

components.

2.2 Electrochemical Impedance Spectroscopy
(EIS) on Solid Electrolytes

Throughout this thesis, electrochemical impedance spectroscopy (EIS) was
mainly used to determine the ionic conductivity of separator-sheets (subsection 3.1.1)
and novel solid electrolytes (subsection 3.2.1), the activation energy for lithium ion
conduction (subsection 3.2.1), and to characterize the electrochemical state of electrodes
(subsection 3.1.2). This section provides a short but concise insight into the working
principle of EIS and its main characteristics. For a more detailed explanation of the basics
and fundamentals of impedance spectroscopy, the reader may refer to textbooks, on
which the following insights are based on.!3”!38 Instead, the main focus shall be directed
towards the application of EIS to inorganic solid electrolytes and solid-state batteries and

discussing their impedance response.

Impedance spectroscopy is a non-destructive method and in the context of LIB
research widely applied to study interfacial processes, such as redox reactions at
electrodes, kinetics of reactions, as wells as transport properties and diffusion processes.
In a potentiostatic EIS (PEIS) experiment, a sinusoidal excitation potential with a small
amplitude is applied to the sample and at the same time the current response is recorded.
The input signal is varied over a wide frequency range, typically from several MHz to
the mHz region. In doing so, the impedance characteristics of the sample is probed, since
the complex impedance Z is the ratio of the complex voltage to complex current. The
results are typically presented in a Nyquist (-Im(Z) vs. Re(Z)) or Bode phase plot (phase
shift and voltage over current amplitude ratio vs. frequency). To evaluate the
measurement, the data are fitted with an electrical equivalent circuit model, which
describes the respective cell components and processes in the cell by a combination of
simplified circuit elements, typically resistors, capacitors, the combination of both, a so-

called R/C element, and Warburg elements reflecting diffusion processes.
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The impedance of a resistor R is independent from the frequency, hence has no
phase-shift and can be expressed as Zr(w)=R. In contrast, the impedance of a
capacitor C is dependent on the frequency and experiences a phase-shift by -m/2 of the

current signal with respect to the voltage signal. Mathematically, the impedance of an
ideal capacitor can be written in complex notation as Zc(w) = ﬁ (here:i = v—1).The

parallel connection of a resistor and a capacitor, a so-called R/C element, is commonly
used to describe electrochemical interfaces, since electrode/electrolyte interfaces often
experience a charge-transfer reaction and double-layer charging/discharging at the same
time. In the Nyquist diagram, an R/C element is represented by a semi-circle with the
radius R. The highest point of the semi-circle appears at a certain frequency, fapex, Which

is well-defined for a true R/C element by:

1
fapex = — (2.7)
2w RC

Since impedance measurements are conducted over a wide frequency range, different
processes can be probed and appear at different locations (i.e., frequencies) in the Nyquist
plot, depending on the time constant 7 of a given process; for R/C elements and for a

resistor and capacitor in series, the time constant of the process is described by:

T= RC (2.8)

With this in mind, we take a closer look at the impedance response of a solid
electrolyte that is placed between two blocking metal electrodes. The “ideal” solid
electrolyte would consist of one large single crystal with no grain boundaries within the
sample. In this case, lithium ion conduction takes place through the entire bulk of the
material and can be described by an R/C element, yielding a single semi-circle in the
Nyquist representation. In this, R represents the resistance for lithium ion transport and
C accounts for the dielectric properties, such as bulk polarization of the lattice, induced
by localized opposite charges such as defects or vacancies and lithium ions.!3%!4°
However, most solid electrolytes are polycrystalline materials, whose impedance
response can be described in a simplified way by the brick-layer-model.'*! This model

describes a polycrystalline solid-state ion conductor as a material composed of many

uniform and cubic crystallites (“bricks”). Thereby, the contact areas of the “bricks”
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represent thin but resistive grain boundaries of the material. Therefore, grain boundaries
are described by an R/C element, with R being the inter grain resistance Rg and C as the
double-layer capacitance Cg for the grain boundaries.!*>!*? In theory, grain and grain
boundary contributions should be distinguishable, since their capacitances are expected
to be different, so that the respective semi-circles would appear at different frequencies
according to Equation (2.7). The grains are thought to have rather low capacitances (~
107'2 F), since they can be assigned to rather thick layers, representing the bulk material.
In contrast, grain boundaries are comparably thin layers. Thus, according to
Equation (2.5), grain boundary capacitances are generally much higher (~10"'' — 107 F),
depending on the specific grain boundary properties. Well-sintered materials possess a
larger grain boundary capacitance than samples with resistive layers between the

boundaries or poor contacting of the grain,!3*!43

In fact, the brick-layer model is not valid in many real scenarios and merely serves
as a model picture to imagine a polycrystalline material, since it does not account for:
(7) a broad grain size distribution, inducing a tortuous path of the ions due to different
values for the grain (Rgnin and the grain boundary resistance (Rgp); (i) an inhomogeneous
grain size distribution, inducing preferential pathways for the ions to travel in regions
with a low grain boundary density; (iii) inhomogeneous grain shapes.!'4:144143
Additionally, the brick-layer model neglects poor contacting of the crystallites, which
often is accounted for in the more recent literature.’%!46 This leads to the fact that often
grain and grain boundary contributions to the lithium ion transport cannot be separated
and only the superposition of the bulk (intra grain) and grain boundary (inter grain)
lithium ion transport can be determined. Consequently, the Nyquist representation shows
only one semi-circle. A separation of grain and grain boundary contributions can be
achieved for material systems, in which the activation energy (Ea) to grain and grain
boundary ion conduction are different, by the use of EIS measurements at very low
temperatures, since the lithium ion conduction are subject to Arrhenius-type

behavior. 3!

Furthermore, solid electrolytes are not ideally polarizable materials, since the
double-layer capacitance is not purely capacitive and often displays a certain frequency
dispersion. Hence, instead of an ideal capacitor C, a non-ideal capacitor Q, also referred

to as constant phase element (CPE), is used to describe solid electrolytes. The impedance
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of a CPE in complex notation is given by Z(w) = and accounts for a non-ideal

_r
(iw)*Q

behavior by the exponent a. Note that Q is given in units of [F s].

In most practical applications, as presented in subsections 3.1.1 and 3.2.1, the
overall conductivity of the used solid electrolyte is the desired parameter and calculated
from the solid electrolyte resistance Rsg. For this purpose, it is not necessarily required
to resolve the grain and grain boundary contributions to the lithium ion transport, as it is
the case for fundamental studies.’®!** This simplifies the impedance analysis for the
conductivity determination to a certain extent. Figure 2.9 presents an example of an
LSPS/HNBR separator-sheet that was analyzed via EIS in the spring cell. The impedance
spectrum shows one high-frequency semi-circle and a low-frequency tail. The latter
feature can be assigned to the electrode polarization (gray CPE (QOpol) in the inset of
Figure 2.9), while the semi-circle is attributed to the grain boundary contribution (blue
R/Q element). For the grain contribution another semi-circle is expected, which however,
cannot be resolved at the given frequency range and temperature. Hence, its contribution
is mimicked by an additional resistor Rurr (green) in the equivalent circuit. We call this
the high-frequency resistance (HFR), which consist of the internal cell resistance Rcen
and the grain resistance Rgrin. In the most cases however, Rl 1s negligibly small and the
HFR is basically equal to Rgrmin; nevertheless, we recommend to determine this cell
parameter, e.g. by an impedance measurement of the empty cell without any sample.
Hence, the separator resistance Rsg is obtained from the sum of grain and grain boundary
contributions. Note that the shape of the impedance spectrum and to which degree the
features can be resolved strongly depends on the material, the sample preparation, and
the measurement conditions, such as cell, temperature, pressure, frequency range,

e4[0.50,130,147

A complementary and/or alternative way to assess Rsg when neither grain nor
grain boundary contributions can be resolved, is via a linear fit of the low-frequency tail.
Its intercept with the x-axis corresponds to the solid electrode resistance, since the
impedance of a resistor (here: electrolyte resistance) is only a point on the real axis in the
Nyquist representation. Both methods are shown in Figure 2.9 and lead to the same values
within the range of the fitting errors (~1-5%). The determined resistance can be used in
Equation (2.9), to calculate the lithium ion conductivity when knowing the sample

thickness (¢) and sample area (4). Note that this equation is only valid for very dense
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samples (residual porosity € < 10%), since geometric factors such as sample porosity and

tortuosity are neglected.

-t (2.9)
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Figure 2.9: Illustration of an EIS spectrum for the conductivity determination of three stacked
LSPS/HNBR (5.8 vol.-% HNBR) separator-sheets, measured in the spring cell at 70 MPa and 25°C in a
frequency range from 7 MHz — 100 Hz. Data points (black circles) are displayed in a frequency range from
7 MHz — 10 kHz. The fit (blue line) was obtained by fitting the data with an R\+R»/0>+(03 equivalent
circuit, as displayed. The ocher line results from a linear fit of the low-frequency tail between 30 — 4 kHz,
which was extrapolated to the x-axis. The high-frequency resistance Rpuyrr (green) represents a
superposition of the cell resistance and the grain bulk resistance Rgnin. For the latter we expect an R/Q
element, which however cannot be resolved at the used frequency and temperature. The blue semi-circle
illustrates the grain boundary resistance Rg. Note that the green and blue features are manually added but
their magnitude is in scale to the values obtained by the fit. The values for the solid electrolyte resistance
Rsg determined via the equivalent circuit fit and the one obtained by the extrapolation of the linearly fitted
low-frequency tail deviate by ~1%. Sample thickness is 0.026 cm and sample area 0.50 cm?.
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Additionally, PEIS measurements at different temperatures allow to determine
the activation energy for the lithium ion conduction. The conductivity of charged species
in a material can be expressed via its charge ¢, the concentration of charge carriers N and

its mobility x4 according to:

o=4q-N-p (2.10)

In doing so, the mobility can be related to the diffusion coefficient D via the

Einstein-Smoluchowksi equation'*®

p= ‘D (2.11)
kB'T

with 7T being the temperature and kg the Boltzmann constant. Inserting Equation (2.11)

into Equation (2.10) yields the following expression for the conductivity:

q’* N -D (2.12)
The diffusion coefficient is related to the hopping frequency @ and the hopping
distance x. Furthermore, we have to correct for the 6 spatial directions (x-, y- and

z-direction, all of which back and forth) since we only look at the motion in one direction:

X% (2.13)

In doing so, the hopping frequency is the property that is thermally activated and thus

subjected to Arrhenius behavior:

—-E
0= o Tt (2.14)
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Hence follows for the conductivity:

2, Y. —E
g LN X7 rwo (2.15)
6kB'T

This equation can now be transformed to the general Arrhenius-type equation by defining

the preexponential factor oo as

q’- N -x* - wg (2.16)
6 kg

0-0:

Note that g¢ is defined as a constant and hence T cannot be included to oo for EIS

measurements performed at different temperatures. The activation energy can then be

assessed via the linear equation:

1
log(o-T) = k—A . T+ log(ay) (2.17)
B

Replacing kg by the gas constant R, the activation energy E4 in units of [kJ - mol'] can

be extracted from the slope by plotting log(c - 7) over 1000/7 as exemplarily shown in

Figure 2.10.
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Figure 2.10: Illustration of an exemplary Arrhenius plot of the product of conductivity and temperature
(o - T) versus 1000/T and linear fit of the data points for Li;4SiPs. Error bars are based on the standard
deviation from three independent measuremen ts. The activation energy E for lithium ion conduction in
units of [kJ - mol''] is obtained from the slope m of the linear fit and the universal gas constant R.
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2.3 In Situ Diffuse Reflectance Infrared Fourier-
Transform Spectroscopy (DRIFTS)

In order to probe the reactivity of different solid electrolytes with ambient
atmosphere, we used our setup for diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS). DRIFTS is a very surface sensitive type of infrared
spectroscopy, in which the diffusely reflected radiation on rough surfaces is collected by
a special, ellipsoidal mirror optics. This technique was already used in our group to
investigate surface contaminants and surface passivation strategies on CAMs.'#"3! In
this context, we developed a setup for in situ DRIFTS, with which it is possible to expose
the sample to various gas mixtures while recording IR spectra, as displayed in Figure
2.11.152 We can adjust the gas stream composition using different gas supplies, i.e., CO2
(1000 ppm in Ar), O, and Ar. Additionally, the setup allows for a humidification thereby
introducing water vapor into the system by saturating the gas stream with H>O. Thereby
we can simulate the composition of ambient atmosphere, using argon instead of nitrogen,
and can selectively evaluate the reactivity of SEs against either of the three main
components of ambient air (O2, H2O, COz, neglecting N> for which no reactivity is

expected) or defined combinations of them.

gas source
En — CO.JAr -

check valve
flowmeter

hut-off val
outlet for bypass shut-off valve

flushing ]_]

DR!FT[%(::& T
humidifier

three-way
valve

slapullfo seb

flow meter

T-fitting

X[ MUX ¥

bellow-type
Q, valve

Figure 2.11: Setup for in situ DRIFTS measurements exposing powdered solid electrolyte samples to of
various gas atmospheres containing different components of ambient atmosphere. The gas mixture can be
adjusted by mixing gases from different sources using Ar as carrier gas: 1000 ppm CO; in Ar (green), Ar
(violet) and O, (red); via the humidifier, it is possible to introduce water vapor into the system. The gas
tight DIRFTS cell, which contains the sample, is placed in the IR spectrometer. Symbols of the components
are explained on the right. Reprinted from Christian Sedlmeier’'s Master’s thesis. !>
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The in situ DRIFTS setup consisted of three different gas supplies featuring
1000 ppm COz in Ar (99.9% COz in 99.999% Ar, Westfalen, Germany), Ar (99.999%,
Westfalen, Germany) and Oz (99.999%, Westfalen, Germany), which feed into a gas line
system (all parts are made from stainless steel and purchased from Swagelok, USA). A
self-made humidifier, consisting of a modified and tightly sealed glass vial (Schott,
Germany) allowed to introduce water vapor into the cell. In case experiments were
performed in the absence of water vapor, the “bypass” route allowed for experiments
with dry gases. Via an additional outlet in direct vicinity to the DRIFTS cell, the entire
system could be preconditioned to ensure a defined atmosphere before connecting the
DRIFTS cell to the gas stream. The overall gas flow was adjusted via two flow meters to

10 ml/min.

Measurements were conducted on a Cary 670 FTIR spectrometer (Agilent
Technologies, USA) using parabolic Praying Mantis™ mirror optics (Harrick Scientific
Products Inc, USA). Spectra were taken between 6000 — 400 cm™ with a resolution of
1 cm™!, using a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The
sampling chamber was constantly flushed with dried air (DPS-2 air purifier, FST GmbH,
Germany). The sample was prepared in an argon filled glovebox (MBraun, Germany),
placing the SE powder (~60 mg) into the DRIFTS cell (Praying Mantis™ high
temperature reaction chambers, Harrick Scientific Products Inc, USA) and then sealing
the cell. Subsequently, the cell was transferred to the IR spectrometer and mounted into
the sampling chamber as well as connected to the gas line. Prior to the first measurement,
it was waited for 15 min to purge the sampling chamber with dry air. In doing so, water
vapor inside the sampling chamber is removed that would otherwise lead to experimental

artifacts.
The measurements were performed following a defined procedure:

I.  Initial spectrum without gas flow, with the sample in the cell under “glovebox
atmosphere”.
II.  Gas exposure for 2 hours; spectra (1 spectrum per 5 min) taken under dynamic
gas flow (20 ml/min) with defined gas atmosphere.
III.  Ar purge for 1 hour to remove the atmosphere from step II taking one

spectrum every 10 min.
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Possible gas mixtures in step II were: Ar, Oz, 1000 ppm CO2/Ar, Ar-H>O (humidified
Argon with an estimated dew point of Tqp ~13 °C corresponding to ~14700 ppm H20 in
Ar) and 1000 ppm CO»/ Ar-H20O (humidified CO2/Argon with an estimated dew point of
T4p ~13 °C corresponding to ~14700 ppm H>O in Ar). For each gas mixture, an
individual measurement was performed, so that in total five experiments had to be
performed for one complete set. Prior to introducing the gas stream into the cell, the gas
line system was preconditioned for 1 hour to ensure a constant atmosphere. The volume
of the cell was 34 ml, hence roughly once every two minutes the atmosphere in the cell
was exchanged. It is worth to mention that we did not mix the sample with any dilution
media such as KBr, CaF», SiC etc., since we observed a quite significant interaction of

all of the examined dilution media with the water vapor, resulting in artifacts.

Spectra are displayed (see subsection 3.2.2) in reflectance units Rsample, Which are
defined as the ratio of the sample intensity (lsample) divided by the intensity of a

background measurement (/au) using a self-made, gold sputtered sand paper (400 grit).

Isample (2.18)
IAu

Rsample -
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2.4 Further Techniques for Material
Characterization

2.4.1 X-Ray Powder Diffraction Analysis (XRPD)

X-Ray Diffraction (XRD) analysis is a bulk-sensitive technique that can be used
to determine both the qualitative and quantitative phase composition of a crystalline
material. The main working principle of XRD is based on the diffraction of incoming
X-rays at the electron shell of the atoms in the sample. The lattice parameters of the
crystal system can be determined from the diffraction angles in XRD and the wavelength
of the used X-rays (typically 1-10 nm). With the help of databases or reference
measurements, it is often possible to identify the respective substances.!> In the field of
ASSB research, XRD has been used to study the composition, phase purity and synthesis

conditions of SEs>!71:154

or the chemical compatibility of SEs with solvents and binders
for slurry-processed separator-sheets.”' 77> In the frame of this thesis, we used XRD in
order to characterize pristine materials in the as-received state from the supplier in order
to first assess the phase purity of the material and hence its quality. Second XRD was
used to probe for decomposition products upon exposure towards ambient atmosphere
during production and/or shipping of the material and lastly to evaluate possible
decomposition during wet processing in toluene for the binder-sheet fabrication (see
subsection 3.1.1). All diffractograms were collected at room temperature on a STOE
STADI P diffractometer (STEO, Germany) in transmission mode in the 26 range of 10°-
90°, using Mo-Kq radiation (0.7093 A, 50 kV, 40 mV) a Ge(111)-monochromator and
a Dectris Mythen 1 K detector (step size 0.015, integration time/step 150 s). Raw data

were processed with WinXPOW software (version 3.0.2.1). Powdered samples were

measured in airtight sealed 0.5 mm borosilicate capillaries.

2.4.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a widely used technique to probe
surfaces. In simplified terms, a sample is illuminated with an X-ray beam of a defined
energy, whereupon the sample, in turn, emits photo electrons with a specific energy. The
main characteristics of XPS analysis are: (7) its superior surface sensitivity due to the

limited free path for electrons in solids (several nm); (ii) the ability to probe chemical

46



Experimental Methods

state information, such as the atomic species and local bonding environment; and, (ii7)

the possibility of a (semi-)quantitative analysis.!*>!%

In the context of sulfide-based ASSBs, XPS analysis has been used to extensively
study the oxidative®*3¥ decomposition of the SE in the composite cathode or the reductive

SE decomposition!®:!%7

at the interface of the separator towards the Li metal anode, as
well as, or the interphase formation with PEO-based!® protective coatings. Furthermore,
XPS analysis is a suitable tool to investigate the chemical compatibility of SEs with

71-73,75

different solvents and polymers for slurry-processed separator-sheets and to

evaluate the material degradation under dry room conditions.!'>’

In this thesis, XPS was used in order to identify the surface species of the used SEs
that could indicate material decomposition. In doing so, the analysis was particularly
performed for two purposes: (i) to characterize the pristine material in the as-received
state in order to probe for exposure towards ambient atmosphere during production
and/or shipping of the material; (i/) to evaluate possible decomposition during

wet-processing in toluene for the binder-sheet fabrication (see section 3.1.1).

Measurements were carried out on an Axis Supra Spectrometer from Kratos
(UK). Samples were prepared inside an argon-filled glovebox by pressing the SE powder
or binder sheet to pellets (3 mm diameter) and mounting them on a stainless-steel sample
holder. The transfer to the XPS was realized by an inert transfer shuttle by Kratos under
Ar atmosphere, avoiding any air or moisture exposure of the samples. The samples were
kept in the flexi-lock antechamber of the XPS system until a stable pressure of =107 torr
was reached, and afterwards transferred to the surface analysis chamber, in which the
pressure was always kept at =10 torr during an experiment. Measurements were
conducted using a monochromatic Al K, source (1486.6 ¢V) and an emission current of
15 mA. Survey spectra were recorded for all samples with a stepsize of 0.5 eV and at a
pass energy 160 eV. Spectra with focus on the S 2p and P 3p region were recorded with
a step size of 0.2 eV, and an emission current of 15 mA and a pass energy of 20 eV. For
all measurements, a charge neutralizer was used and the spectra were calibrated to the
adventitious carbon peak with a binding energy of 284.8 e¢V. In order to ensure high data
quality, several spectra were recorded and averaged by the Escape software from Kratos.
Fitting was done with a mixture of Lorentzian and Gaussian shape function after a Shirley

background subtraction.
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2.4.3 Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray Spectroscopy (EDX)

Scanning electron microscopy (SEM) is used to image surfaces by scanning the
sample with a focused electron beam in a certain raster scan pattern. Upon irradiation of
the sample with the electron beam, secondary electrons are generated by the atoms of the
sample. The position of the beam is combined with the intensity of the detected signal to
produce the final picture. Due to their low energy (~0 — 30 eV), secondary electrons are
very surface sensitive and the obtained picture is representative for the surface of the
sample. In case back scattered electrons (~50 eV — 20 keV) are analyzed, progressively
more depth information (up to several um) is obtained with rising energy of the back
scattered electrons. In EDX analysis, the chemical information of the electrons, emitted

by the sample, can be used to determine which elements are present in the sample.'®

In ASSB research, SEM is mainly used to investigate the morphology of the used
materials, such as the SE and CAM particles, or of prepared electrodes. Additionally,
EDX analysis allows to assess the distribution of the components in composite

electrodes.””!6!

In this work, we use SEM to assess the morphology of the used SEs in term of
particle size, particle size distribution, and agglomerate size as well as to evaluate the
homogeneity of coated separator-sheets. Especially the slurry-processing procedure
might affect the morphology of the SEs, as agglomerates can be broken up during mixing,

as shown in Figures 2c and f of the study on the separator-sheet development'?’

presented
in subsection 3.1.1. Furthermore, the binder distribution inside a composite can be
assessed. SEM analysis is performed both in top-view and also in cross-section mode to

gain further information about the structure of the composites.

SEM images were acquired using a JSM-IT2000 InTouchScope™ (JEOL, Japan) field
emission microscop at 15 kV with a multi segmental secondary electron detector. EDX-
mappings were performed at an incident electron beam energy of 12 kV. Cross-sections
were prepared by Ar-ion beam polishing, using a cross-section polisher of the type IB-

19530CP (JEOL, Japan).
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2.4.4 Brunauer-Emmett-Teller (BET) Physisorption
Measurements

BET physisorption measurements were performed in order to determine the specific
surface area of the SE particles. Measurements were conducted using an Autosorb-iQ
(Quantachrome, USA) at 77 K with krypton as adsorbate. Prior to the experiment,
samples were outgassed at 120 °C for 12 h under dynamic vacuum. The specific surface
area was calculated according to the BET-theory, whereby the ideal linear range is

selected by the Micropore BET Assistant of the ASiQwin software.

Knowing the exact surface area of the used material is important to adjust the binder
content in the separator-sheets. Assuming a uniform distribution of the binder all over
surfaces, the binder film thickness can be approximated knowing the volume content of
the binder and the surface area of all the other components according the following “rule

of thumb”; 162

Mpinder
Vbinder _ Pbinder (2.19)

Xim;*Ageri  Xim;* Apgti

tbinder layer =

Flexible LSPS/HNBR separator-sheets with very good mechanical properties could be
obtained for a binder content of y=15.0 wt.% (cf. subsection 3.1.1). According to

Equation (2.19), this corresponds to a nominal binder film thickness of

59

096 gcm=3
binder layer = 95 g -3.25 m2g-1 ~ 17 nm.

(2.20)

Usually, a thickness of ~5 nm is required for mechanically stable components'®?, hence
this value is high but still quite reasonable. However, in the study on the separator-

127

sheets </, mechanically stable sheets with less binder could also be prepared.

Note that during the slurry-processing the BET surface area of the LSPS material
(~1.38 m? g'! in the as-received state) changes significantly, since agglomerates are

broken up, resulting in a BET surface are of ~3.25 m? g'! after slurry-processing. This
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underlines the importance of the precise determination of the surface area in order to

adjust the properties of the prepared composites accordingly.

2.4.5 Direct Current (DC) Measurements for
Determination of Electrical Conductivity

As a complementary analysis to the determination of the ionic conductivity cion, also
the residual electrical conductivity e is an important parameter. Experimentally, this
was realized by applying voltages of U =50, 100 and 150 mV for 15 h each to a SE pellet
or SE separator-sheet sample and recording the resulting current /. With the use of Ohm’s
law, the electrical resistance Re is obtained:

Y 2.21
Rei =+ (2.21)

Hence, ol is obtained knowing the geometric sample area 4 and the sample thickness ¢

according to:

t (2.22)
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3 Results

This chapter presents the published work as well as unpublished data of this PhD

thesis. The articles are thematically grouped into two sections.

Section 3.1 focuses on the transition from powdered, pellet-based electrodes and SE
separators towards cells with sheet-type components, which are closer to real application.
In doing so, a slurry-based process was developed (subsection 3.1.1) in order to prepare
composite separator-sheets made from a sulfidic SE powder and an HNBR binder.
Moreover, the process can be adapted to also prepare sheet-type cathodes. Furthermore,
a new cell setup was developed in order to determine the ionic conductivity of separator-
sheets as a function of the volumetric binder content and the used SE. Being capable of
producing such sheet-type separators and electrodes opens up the possibility to build
pouch cells. Additionally, this allows for advanced diagnostics, such as the integration
of a micro-reference (u-RE) electrode into the cell (subsection 3.1.2). Using this three-
electrode design, we thoroughly investigated the electrochemical state of the commonly

used indium-lithium anodes, depending on their preparation method.

In section 3.2, the focus lies on the characterization of lithium phosphides, a novel
class of solid, inorganic lithium ion conductors. This is a cooperation project with the
Chair for Inorganic Chemistry with Focus on Novel Materials of Prof. Thomas. F.
Féssler, at which the development and synthesis of the materials were performed. Our
contribution to this cooperation was the development of a measurement cell in order to
determine the ionic conductivity and the activation energy for the lithium ion conduction.
The first of several articles that were published in the frame of this cooperation is
presented in subsection 3.2.1, introducing the measurement cell and the measurement
protocols. The study was realized using the compound Li14S1P¢. Other articles on related
but different materials are listed under “scientific contributions” in the Appendix. In
addition, we probed the reactivity of lithium phosphides, in this case using LioAlP4,

against ambient atmosphere by means of in situ DRIFTS analysis (subsection 3.2.2).
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3.1 Development of Sheet-Type Components
for All-Solid-State Battery Pouch Cells

3.1.1Preparation of Sulfidic Solid Electrolyte/Polymer
Separator-Sheets

The article “From Powder to Sheets: A Comparative Electrolyte Study for Slurry-
Based Processed Solid FElectrolyte/Binder-Sheets as Separators in All-Solid-State
Batteries” was submitted in April 2022 and published in July 2022 in the peer-reviewed
Journal of the Electrochemical Society.!?” It is available as an “open access” article under
the terms of the Creative Commons Attribution 4.0 License (CC BY). The permanent
web link can be found wunder: https://iopscience.iop.org/article/10.1149/1945-

7111/ac7e¢76. Tobias Kutsch presented the article at the 241 Meeting of the
Electrochemical Society in Vancouver, Canada in May 2022 (Meeting Abstract
MA2022-01 161).

Most reports in the field of ASSB research featuring sulfidic SEs are based on pellet-
type separators with thicknesses of several hundreds of microns to millimeters. These
cells are extensively used for purposes of fundamental research, namely the
benchmarking of new electrolytes, the analysis of degradation phenomena upon cycling,
or the evaluation of interfacial properties. However, pellet-type cells are limited to small-
scale laboratory cells, as pellets cannot be produced in larger dimensions by cold pressing
without mechanical defects, which is why in recent years more and more research
focused on wet-processed SE/binder composites, investigating appropriate binder and

solvent combinations.”!7%74163

We present a wet-chemical process in toluene to prepare composite separator-sheets
made from a sulfidic SE and an HNBR binder. Since toluene was reported to have a
negative impact on sulfidic SEs, we performed Raman, XRD, and XPS analysis to screen
for possible decomposition reactions and their influence on the ionic conductivity.”
Upon exposing LPSCI to toluene for 20 min, which is the duration of the mixing step,
we could not detect any changes of the used SE, so that the solvent processing is not

expected to have a negative impact. Merely upon a long-term exposure of 48 hours partial
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Results

decomposition as well as a decrease in ionic conductivity of ~35% could be observed,

which we attributed to residual water in the dried solvent.

Furthermore, we introduced an in-home cell design to determine the ionic
conductivity of the samples. In doing so, we compared different sheets made from three
SEs (LPSCI, LPS-711, and LSPS) and determined the ionic conductivity as a function of
the volumetric binder content. Normalizing the sheet conductivity to the conductivity of
the pure powder, i.e., without any binder, we found that the decay in ionic conductivity

is purely dependent on the binder content and independent from the used SE.

Lastly, we elucidated the importance of compaction and the extent of residual
porosity on the ionic conductivity and could confirm that a pre-pressing step at a higher

fabrication pressure is beneficial for the apparent sheet conductivity.'3*

Author contributions

C.S. designed and validated the measurement cell and furthermore developed the slurry-
based mixing process. C.S., T.K., R.B., M.T., and M.B. prepared separator-sheets with
the different SEs and with different volumetric HNBR contents, and determined the ionic
conductivity and porosity values thereof. The data was analyzed by C.S and T.K. Raman
and XRD measurements were conducted and the obtained data treated by T.K. L.H.
conducted the XPS measurements and evaluated the XPS data. C.S., T.K., M.T., and
M.B. conducted the experiments for evaluating the influence of the solvent on the ionic
conductivity of the used SEs. T.K. and M.T. performed SEM and EDX experiments. All
data were discussed by C.S., T.K., and R.S. All authors commented on the results. C.S.
and T.K. wrote the manuscript, which was edited by H.A.G. C.S. and T.K. contributed

equally as co-shared first authors.
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A key for the market penetration of large-scale and high energy All-Solid-State Batteries (ASSBs) are sheet-type cell components.
Herein, we report a slurry-based process to obtain free-standing solid electrolyte (SE)/binder composite sheets as ASSB separators.
We investigate three different sulfidic solid electrolyte systems (LigPSsCl, Li;P3S;; and Li;oSnP,S;,) in combination with a
hydrogenated nitrile butadiene rubber (HNBR). By means of electrochemical impedance spectroscopy (EIS), the influence of
separator composition and processing on the ionic sheet conductivity is evaluated. Independent of the solid electrolyte material, a
reduction by a factor of three compared to the pristine powder conductivity at 70 MPa operation pressure and by a factor of eight
compared to the maximum powder conductivity is observed. This can be attributed to the addition of the ionically isolating binder,
which however is necessary for the production of freestanding sheets. We show the beneficial effect of pre-compressing the sheets
to little porosity values on the apparent sheet conductivity. Lastly, we investigate and decouple the influence of fabrication and

operating cell pressure on the produced separator sheets.
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All-solid-state batteries (ASSBs) are considered as up-and-
coming candidates for the next generation of energy storage systems,
e.g., for electric vehicles and mobile devices. Replacing the
inflammable organic electrolyte in conventional Li-ion batteries
(LIBs) by a non-flammable solid electrolyte (SE) promises to
increase battery safety, allow for higher gravimetric and volumetric
energy densities as well as higher fast-charging capability.'

In general, three different types of ASSB cells can be distinguished,
namely thin-film, pellet-type, or sheet-type cells.>™ Thin-film batteries
are mainly used for consumer electronics that require little overall
energy or as model systems to study the storage mechanisms and the
kinetics of ASSB materials.” The applicability of thin-film batteries to
high-energy batteries for battery electric vehicles (BEVs) is limited due
to their low energy storage capacity and their laborious production
processes.® ASSB cells featuring pellet-type separators with thicknesses
of several hundreds of microns are intensively studied in terms of
fundamental research, benchmarking new electrolyte materials, ana-
lyzing degradation phenomena upon cycling, or evaluating interfacial
properties. Despite of being widely used in ASSB research, pellet-type
cells and separators are generally limited to small-scale laboratory cells,
as large-format pellets cannot be produced in a continuous process.
Furthermore, in order to be competitive or superior to state-of-the-art
LIBs, the thickness of the solid electrolyte separator in ASSBs should
be substantially less than 100 um.” Thin and large-format solid
electrolyte based separators can in principle be produced by slurry-
based processes, that would also allow for straightforward production
scale-up. In recent years, more and more focus has been placed on the
preparation of sheet-type separators, investigating apgroPn'ate solvents
and binders for wet-processed SE/binder composites.*’~*

Among the various classes of inorganic solid electrolytes, sulfidic
electrolytes are promising candidates for the integration into sheet-
type large-format ASSBs. Compared to other SE materials, sulfidic
electrolytes offer higher room temperature Li-ion conductivity and a
relatively low interfacial resistance, due to their softness and
ductility.®'*>~'? Their favorable mechanical properties allow for the
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“E-mail: tobias.kutsch@tum.de

preparation of free-standing SE/binder separator sheets and a
straightforward densification by calendering, which can be inte-
grated into a continuous roll-to-roll process. Low residual porosities
are desired to increase energy densities and to maximize lithium ion
conductivity.?® Furthermore, at least for oxide based solid-electro-
lytes, low residual porosities are reported to allow for higher current
densities prior to separator shorting by lithium dendrites.>'*

In this work, we present a comparative solid electrolyte study for
wet-processed SE/binder separator sheets using the sulfidic electro-
lytes LigPS5Cl (also referred to as LPSCI), Li;P3S; (also referred to
as LPS711), or Li;oSnP,S;, (also referred to as LSPS) in combina-
tion with a hydrogenated nitrile butadiene rubber (HNBR) binder.
We first perform a through morphological analysis of the resulting
separator sheets and then evaluate the influence of the binder content
on the ionic conductivity of the separator sheets. Lastly, we show the
importance and the impact of the fabrication as well as operation
pressure on the ionic conductivity of the SE/HNBR separator sheets.

Experimental

Materials.—The handling of all materials and all processing
steps were conducted inside an Ar filled glovebox (O, < 0.1 ppm,
H,O < 1 ppm, MBraun, Germany), unless described differently. The
solid electrolytes LigPSsCl (LPSCI) and Li;P3S;; (LPS711) were
purchased from All Solids (China), while Li;oSnP,S;, (LSPS) was
purchased from NEI Corporation (USA); all SEs were used without
further purification. Hydrogenated nitrile butadiene rubber (HNBR,
55 x 10° g - mol™!, 17 wt% acetonitrile, < 1% residual double
bonds) was provided by Arlanxeo (Netherlands). The HNBR binder
was dried at 70 °C under dynamic vacuum for 72 h in a drying oven
(Biichi B-585, Biichi, Switzerland). For all experiments, a 5 wt%
HNBR stock solution in toluene was used, which was kept under
continuous stirring. Toluene (anhydrous) was purchased from Merck
Millipore (Germany) and dried over a molecular sieve (pore size
3 A, Merck Millipore, Germany) for at least 24 h. The water content
of the toluene was determined by Karl-Fischer-Titration (Titro Line
KF trace, Schott Instruments GmbH, Germany) to be < 1 ppm.

Processing of solid electrolyte/binder-sheets.—The SE/HNBR-
sheets were prepared by a slurry-based process using a dissolver
(Dispermat LC30, VMA-Getzmann, Germany). For this, all
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components, i.e., the SE powder, the 5 wt% stock solution of HNBR
in toluene, and a defined additional amount of toluene were put
together in an HDPE beaker (12 ml Thinky beaker, C3 Prozess- und
Analysetechnik GmbH, Germany) in the respective weight ratios,
depending on the desired binder content according to Table 1. All
batches were prepared with a total amount of 2 g of solids, which is
defined as the sum of the mass of SE and HNBR. The solid content
in the slurry was adjusted to 35%-50% depending on the binder
content in order to obtain a suitable slurry viscosity.

In the lid of the HDPE beaker, a centered 16 mm hole was
punched in order to pass through the rotating shaft of the dissolver.
The mixture was then stirred using a 20 mm dissolver disk (stainless
steel, VM A-Getzmann) according to the following sec;uential mixing
procedure (adapted to that reported by Riphaus et al.”): 500 rpm for
1 min, 1000 rpm for 1 min, 2000 rpm for 2 min, 5000 rpm for 5 min,
and 10,000 rpm for 11 min. The long-duration final step at
10000 rpm serves to break up agglomerates and thoroughly disperse
the particles, resulting in a homogeneous slurry. The slurry was
coated onto a siliconized polyester foil (PPI Adhesive Products
GmbH, Germany) by means of the doctor blade technique, using a
400 pm gap-bar (ERICHSEN, Germany). The deposited films were
dried at room temperature for at least 12h. Prior to further
experiments, the sheets or punched samples were dried at 70 °C
under dynamic vacuum for at least 16 h. The final free-standing
separator sheets had a dry-film thickness of roughly 120 pm, as
measured by a thickness gauge (see below).

Initially, LPSCI/HNBR coatings with different gravimetric
HNBR binder contents (xgngr) Were prepared (see left-most column
in Table I). In order to provide a more rigorous comparison of the
compression-dependent porosity and conductivity of separators
made with different solid electrolytes, separator sheets with identical
binder volume fractions (¢ynpr) rather than binder mass fractions
were prepared. Therefore, the mass fractions used for the LPSCl/
HNBR separator sheets were first converted into binder volume
fractions (¢ungr) via Eq. 1:

PunBr = (xHNBR/pHNBR)/(xHNBR/pHNBR + (1 - xHNBR)/pSE) [1]

with p representing the bulk densities of the different materials, which
were taken from the product specification sheets (HNBR: 0.96 g cm™>;
LPSCL: 1.64 g cm > LPS11: 1.98 g cm™>; LSPS: 2.25g cm™).
Subsequently, coatings with the same volumetric binder contents using
LPS711 and LSPS were prepared (see Table I; note that the LSPS/
HNBR coating with a binder content of 1.7 vol% could not be prepared,

as no suitable slurry viscosity for a good coating could be obtained).

Porosity determination.—Free-standing samples of the separa-
tors were punched with an 8 mm punch (Rennsteig, Germany) and
their weight (Entris II Sartorius, Germany) and thickness (micro-
meter screw gauge, Mitutoyo, Japan, with an error of + 2 ym) were
measured, either in its uncompressed or compressed state. From the

measured areal weight of the separator coating (Lgp) and from the
measured thickness (Zp), the void volume fraction of the separator
sheet (¢) was determined, using the above given bulk densities of the
HNBR binder and the respective solid electrolytes:

e=1- (Lsep/tsep) X (XHNBR//)HNBR + XSE//)SE) [2]

The thus determined porosity of the uncompressed separator sheets
varies between 50%—-60%.

For separator densification at pressures between 100-980 MPa,
an 8 mm pressing tool (Lab Club, Germany) and a manual hydraulic
press (Atlas 15T, Specac, UK) were used, pressing several
(typically 3) stacked-up separator sheets for 5 min, unless described
differently. For densification at pressures between 20-70 MPa, the
spring cell setup, which is later described in detail, was used. The
compressed thickness of the separator sheets for use in Eq. 2 was
determined by a micrometer crew gauge (Mitutoyo, Japan), with an
approximate error of +2 um. The measured compressed thicknesses
ranged between roughly 210-290 pm.

Scanning electron microscopy (SEM) and (EDX).—The scan-
ning electron microscopy (SEM) images were acquired using a JSM-
1T200 InTouchScope™ (JEOL) field emission SEM at 15 kV with a
multi segmental secondary electron detector. To avoid reactions of
the sulfidic electrolyte with ambient air, the samples were prepared
in an argon-filled glovebox, transferred under inert atmosphere into a
dry-room using a Biichi oven tube (B-585, Biichi Labortechnik AG,
Switzerland), and from there were transferred into the SEM that was
located in the dry-room (the sample exposure time to the dry-room
atmosphere (dew point < —25°) was < 1 min). To determine the
binder distribution, EDX-mappings were performed at an incident
electron beam of 12 kV.

Cross-section polishing.—Cross-sections were prepared by
argon ion beam polishing, using a cross-section polisher of the
type IB-19530CP (JEOL, Japan). An 8 mm disc was punched from
the dried SE/HNBR-sheet, fixed with copper tape (PPI Adhesive
Products, Ireland) in the sample holder, and then inertly transferred
into the device using an inert transfer shuttle (LB-11620TVCA,
JEOL Japan) under argon atmosphere. It was polished at 25 °C first
for 1 h at 6 kV and then 1 h with 4 kV acceleration voltage.

Effect of toluene exposure on the SE.—To investigate the
influence of the exposure of the solid electrolyte to the toluene
solvent on its (surface) composition and ionic conductivity, toluene
was added to the pristine LigPSsCl (LPSCl) powder, preparing
dispersions with a solid content of 40%. For short term treatments,
the LSPCI powder was dispersed in an HDPE beaker using a
dissolver, analogous to the procedure used for preparing SE/HNBR
separator sheets. For long-term treatments, the obtained dispersions
were stirred for 48 h in the glovebox using a glas vial and magnetic

Table 1. Overview and composition of the prepared SE/HNBR sheets for the different SEs (SE = LigPSsCl; Li;P3S;q; Li;¢SnP,S;,) with varying
HBNR binder content, whereby the HBNR weight content (xgngr, in [Wt%]) for the different SEs was adjusted to obtain equal volume percentages
of HBNR (¢ungr, in [Vol%]). A binder content of 0 wt% corresponds to the pure SE powder, which was used as a pellet and therefore was not wet-
processed. The LSPS coating with a volumetric binder content of 1.7% is marked with an *, as this coating could not be prepared.

LigPSsCl (LPSCI)

Li;P5S;, (LPS711)

Li]()S[lP2$|2 (LSPS)

XuNBR [Wi%] ®unBR [vol%] XHNBR [Wt%]

duner [vol%] ®unBr [vol%]

XHNBR [Wt%]

0.0 0.0 0.0
1.0 1.7 0.8
2.0 3.4 1.7
35 5.8 2.9
5.0 8.2 4.2
7.0 11.4 59

10.0 16.0 8.4

0.0 0.0 0.0
1.7 0.7* 1.7*
3.4 1.5 3.4
5.8 2.6 58
8.2 3.7 8.2
11.4 52 11.4
16.0 75 16.0
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stirring bar. Afterwards, the solvent was evaporated under dynamic
vacuum at room temperature for 3 h using a small vacuum pump,
which was connected to a sealed SCHOTT®-glas in the glovebox.
For the complete removal of the solvent, the materials were dried
under dynamic vacuum at 70 °C using a Biichi oven (B-585, Biichi
Labortechnik AG, Switzerland) for at least 12h to obtain the
toluene-treated LSPC1 powders.

Raman spectroscopy.—For Raman spectroscopy analysis, the
pristine and the toluene exposed LPSCIl powder as well as a final
LPSCI/HNBR separator sheet were placed onto a microscopy glass
slide and sealed with adhesive-coated Kapton® tape in an argon-
filled glovebox to prevent reactions with ambient air and humidity.
The measurements were performed at room temperature by focusing
the incoming laser beam through the glass slide, using a Renishaw
inVia Reflex Raman System (Germany) equipped with a 532 nm
excitation laser (Renishaw RL532C, Class 3B) set to a laser power
of 2mW. An integration time of 10s and an averaging of five
subsequently recorded spectra was used. Raman spectra in the range
of 47-1548 cm™' were recorded with a spectral resolution of
3-5cm™'. The obtained data were processed using the software
Renishaw WiRE™.

X-ray powder diffraction (XRD).—Diffractograms were col-
lected at room temperature on a STOE STADI P diffractometer
(STOE, Germany) in transmission mode in the 26 range of 10°-90°,
using Mo-K,,; radiation (0.7093 A, 50kV, 40 mA), a Ge(111)-
monochromator, and a Dectris Mythen 1K detector (step size
0.015, integration time/step 150s). The pristine and the toluene
exposed LPSCIl powder were measured in airtight sealed 0.5 mm
borosilicate capillaries, while a final LSPSCI/HNBR separator sheet
was measured in a rotating flat-bed sample holder sealed with
Kapton® foil. Raw data were processed with WinXPOW, version
3.0.2.1 software.

X-ray photoelectron spectroscopy (XPS).—The surface analysis
of the as-received LPSCIl powder, long- and short-term toluene-
treated LPSC1 powder, and the final LPSCI/HNBR separator sheet
was carried out by X-ray photoelectron spectroscopy (Axis, Supra,
Kratos, UK). The powders and the LPSCI/HNBR separator sheet
were pressed to pellets and mounted on a stainless steel sample
holder. All prepared samples were transferred into the XPS ante-
chamber using an inert transfer shuttle under Ar atmosphere. The
samples were kept in the antechamber until a pressure of ~10~2 Torr
was reached, and afterwards transferred to the sample analysis
chamber, where the pressure was always kept at ~10™ Torr during
the entire measurement. Sample irradiation was carried out with
monochromatic Al K, radiation (1486.6¢eV), using an emission
current of 15 mA. Survey spectra were recorded for all samples with
a stepsize of 0.5eV and a pass energy (PE) of 160 eV. For high-
resolution spectra, a stepsize of 0.05 eV and a pass energy of 15 eV
were chosen. All recorded spectra were calibrated to the adventitious
carbon peak with a binding energy (BE) of 284.8 eV. For data
analysis, the CasaXPS software (version 2.3.23, Casa Software Ltd.)
was used. After subtraction of a Shirley background, the spectra
were fitted using a mixture of a Lorentzian (30%) and Gaussian
(70%) shape function, considering the binding energy and full-
width-at-half-maximum (FWHM) constraints listed in Table II.

Newly developed ASSB test cell design and cell assembly.—In
order to investigate solid-state electrolytes and all-solid-state bat-
teries, a special cell setup is required that is hermetically sealed and
that allows the defined and, ideally, variable application of different
compressions on the cell stack. Unfortunately, to the best of our
knowledge, there is no commonly and widely used cell format
commercially available at the moment. Only some specialized cell
hardware is available (e.g. by rhd instruments and sphere energy),
but owing to its cost, it has not yet been established as a standardized
cell format, such e.g. coin cells or Swagelok® T-cells have been for

conventional lithium-ion battery research. For this reason, various
research groups have come up with individual solutions for their
ASSB research.>*°

In our group, we have developed a new in-house designed spring-
cell setup that is hermetically sealed and that allows for the
application of a well-defined variable compression of the cell stack
in the range of 20-100 MPa. This cell design is depicted in Fig. 1,
consisting of two main parts: the cell body (Fig. 1b), which contains
the cell stack, and the cell casing (Fig. 1a), which serves to apply the
desired compression on the cell stack via a compression spring. At
first, the sample is placed inside a PEEK (polyetheretherketone) tube
with an inner diameter of 8.0 mm (yellow colored in Fig. 1b) that is
located in the stainless steel cell body, and contacted by hardened
stainless steel dies with a diameter of 8.0 mm gray colored) and a
hardened stainless steel piston that transfers the compression spring
force onto the cell stack. Then, the cell body is inserted into the cell
casing and sealed to the stainless steel bellows (10 mm inner
diameter; Metallic Flex GmbH, Germany) with a 50 um PTFE
(polytetrafluoroethylene) flat-seal (white colored; Angst+Pfister
AG, Switzerland), which at the same time electrically insulates the
stainless steel bellows from the cell body. The PTFE flat-seal is
compressed by a special-made stub at the lower end of the bellows,
which is fixed to the cell body by six screws. At the upper end, the
bellows is mounted to the cell casing via a knife-edge seal with a
copper gasket, ensuring a completely gas-tight connection.

As illustrated in Fig. 1a, the operating cell pressure is applied by
the defined compression of the compression spring (47 mm outer
diameter, 23 mm uncompressed height, and compression rating of
254 N mm ™ '; LHL 200 C 02, Lee Spring GmbH, Germany) with a
screw that allows to adjust the length and thus the force of the
spring, using appropriately sized spacers. Thereby, the applicable
cell stack compression can be controlled between 20-100 MPa. A
potentiostat can be connected to the cell by inserting the cable plugs
into small holes drilled into the lower part of the cell body and the
upper current collector plate. At several points, the cell casing is
electrically insulated from the cell body by POM (polyoxymethe-
lene) insulations, which are displayed in Fig. la by a white color.
The stray capacitance of this cell was estimated to be ~8.1 - 10~!'F
(based on the dimension of the various metal/insulator/metal
interfaces) and is in reasonably good agreement with the experi-
mentally determined capacitance of ~1.6 - 10~ ' F. The latter value
is at least three orders of magnitude lower than the values measured
for the samples investigated here, so that the stray capacitance of the
setup does not affect the results of our impedance analysis of the
separator sheets. The internal resistance of the cell was determined
to <16

In addition to the cell displayed in Fig. 1, a slightly modified
setup thereof was used for impedance measurements with an
operation pressure poper > 70 MPa. For this, only the cell body
together with the cell interior (PEEK tube and dies) was used
without the cell casing and equipped with a special piston, shown in
Fig. A-1 of the Appendix. Inside an Ar-filled glove box, this cell
configuration was put into a hydraulic press (Atlas 15 T, Specac,
UK), and electrically insulated from the press by putting a thin
polyimide foil between the cell body and the press and between the
piston and the press. The applied pressure on cell sell stack is
calculated from the compressed area (0.503 cm?) and the manually
adjusted press tonnage in units of tons. Thereby, the pressure could
be set within a range of 100-590 MPa (0.5-3 tons) with an accuracy
of 20 MPa, which results from the accuracy of the pressure gauge
of the device. Higher pressures could not be applied to the cell
shown in Fig. 1, as deformation of some cell parts at pressures >
590 MPa was observed (note that pressures up to 1000 MPa could be
used for the setup shown in Fig. A-1). During the impedance
measurements, the pressure is held constant within the described
accuracy. In order to validate this cell setup, the conductivity of
LPSCI/HNBR-sheets were determined at an operation pressure of
Poper = 100 MPa with both cell setups (i.e., at the upper limit of the
spring-cell and the lower limit of the cell in the hydraulic press),
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Table II. XPS peak fitting parameters used for the identification and quantification of the different surface species of the pristine and the toluene-
exposed LPSCI powders as well as of the final LPSCL/HNBR separator sheet. The ratio between S2ps/, and S 2p,,, was fixed at 2:1.

element/region assigned species

binding energy [eV] (constrained range)

FWHM [eV] (constrained range)

“adventitious carbon”
«“pQ
PS4

carbon C 1s
sulfur S 2p

“Sulfide S$>7”

Screw for spring
compression

Cell casing

Compression spring

Cell body

POM sleeve

Upper current collector plate

Stainless steel bellows

Hole for electrical connection .

284.8 (fixed) 1.0-1.3
S 2psp: 161.3 (20.1) 1.0-13
S 2pijp: S2p3p + 1.2 1.0-13
S 2p32: 160.0 (20.1) 1.0-1.3
S 2pisp: S2p3pp + 1.2 1.0-1.3

b)

Knive-edge seal
with copper gasket

Stainless steel bellows

Piston

PTFE flat seal
PEEK tube
Cell stack
Dies

Cell body

-H\ POM sleeve

Figure 1. Hermetically sealed spring-cell setup for ASSB performance and impedance measurements under defined and variable compression of the cell stack
between 20100 MPa. (a) Cell casing (outer frame) to apply the desired cell stack compression by adjusting the height of a compression spring. The stainless
steel bellows are sealed at their upper end by a knife-edge flange to the upper current collector plate and at their lower end to the stainless steel cell body, using an
electrically insulating PTFE flat-seal. Electrical connection to the cell stack is made by the small holes placed in the lower part of the cell body (see figure) and in
the upper current collector plate (not shown). The cell body is electrically isolated from the cell casing by a POM sleeve (shown in white); it is also electrically
insulated from the casing by two sliding POM sleeves. The cell stack is contacted via hardened stainless steel dies and a piston placed inside the PEEK tube.
(b) The cross-sectional illustration of the cell body and the stainless steel bellows shows the location of the cell stack (orange colored), the 8.0 mm diameter
hardened stainless steel dies gray colored), the 8.0 mm inner diameter PEEK tube (yellow colored), the PTFE flat-seal (white colored) against the bellows, and
the stainless steel piston that transfers the force from the compression spring onto the cell stack (note that the view is rotated by 90° in comparison to Fig. 1a).
The cell has an overall dimension of a height of ~31 cm and an outer diameter of ~12 cm.

yielding the same values within roughly +6%. This proves that the
modified cell setup is a valid option for impedance measurements
under high operation pressures, whereby it is however restricted to
measurements at room temperature (i.e., the temperature inside the
glovebox).

To conduct impedance measurements, separator sheet samples
with a diameter of 8§ mm were punched out, and three sheets were
stacked for one measurement inside the cell body. After assembly of
the cell, the compression on the cell stack was set to the desired
value (between 20 and 70 MPa) by compressing a spring.
Afterwards the cell was taken out of the glovebox and placed in a
temperature chamber (KB53, BINDER, Germany) that was set to
25 °C. Impedance measurements at pressures higher than 70 MPa
were conducted in the glovebox at a temperature of 25 °C = 1 °C.
For this, the above described different measurement setup with the
hydraulic press was used.Note that for the pre-compression of sheet
compressions up to 1000 MPa in course of the porosity

determination was possible by using a different pressing tool,
described in the section of porosity determination, which however
did not allow for impedance measurements.

Potentiostatic electrochemical impedance spectroscopy (PEIS).—
Measurements outside the glovebox were performed using a VSP-300
potentiostat (BioLogic, France), whereas a SP-300 device (BioLogic,
France) was used for measurements inside the glovebox. Prior to
impedance measurements, the cell was left to rest for 1 h in order to
allow for thermal and mechanical equilibration. Impedance spectra
were recorded in a frequency range from 7 MHz to 100 mHz and a
potential amplitude of £10 mV. Data were treated using the software
EC-Lab (V 11.36). For acquiring impedance measurements, the
following procedure was followed: First, the fabrication pressure
was applied in the cell body using the setup displayed in Fig. A-1 in
combination with a hydraulic press. During this step at the fabrication
pressure, the sample can adapt for small irregularities of the dies.
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Then, after the initial compression, the entire cell body was transferred
into the cell casing of the cell setup displayed in Fig. 1, and the
operating pressure was set by compression of the spring. Here it must
be noted that during the transfer of the cell body from the press into
the cell casing, the dies which are in direct contact with the sample
remained in the exact same position and that only the piston is
changed from the setup in Fig. A-1 to that in Fig. 1. In this way,
resistances due to poor contacting of the sample and the dies are
minimized.

Results and Discussion

The following sections will present the morphological character-
istics of the SE materials and of the resulting SE/HNBR separators,
the interaction of the toluene solvent with sulfidic SEs (exemplarily
for LPSCI), the achievable porosities of SE/HNBR separators, and
the effect of the composition and the compression of SE/HNBR
separators on their ionic conductivity. The three SEs represent the
three commonly used types of sulfidic SEs: LPSCI with argyrodite
structure, LPS711 as a glass-ceramic and LSPS as an LGPS-
derivative from the class of thio-LISICONs. The values for their
electrochemical properties such as lithium ionic conductivity and the
electrochemical stability window are reasonably similar.?**

Morphology and binder distribution.—To assess the mor-
phology of the SE/HNBR separators prepared by the slurry-proces-
sing route, the solid electrolytes and the corresponding SE/HNBR
separator sheets were characterized by means of SEM and EDX.
Figure 2 shows the top-view SEM images of the different SE
powders. First examining the LPSCI powder and separator, Fig. 2a
shows that the pristine LPSCI particles are somewhat rounded, with
an approximate average particle size on the order of ~5 um. After
the slurry processing with toluene to prepare the LPSCI/HNBR
separator sheet, the SE particle size in the separator sheet seems
unchanged and has a similar morphology as the pristine SE powder
(see Fig. 2d). The visually open structure of the separator sheet
reflects its high porosity of ~50% (determined by Eq. 2). Figure 2g
displays the mapping of the carbon EDX signal that exclusively
originates from the HNBR binder (8.2 vol%). Thus, the distribution
of the HNBR in the composite sheet is reflected by the carbon
distribution map, which gives a qualitative indication that the HNBR
binder distribution within the LPSCI/HNBR sheet is reasonably
homogeneous, suggesting that the slurry mixing procedure is
effective.

For the composite system LPS711/HNBR (Figs. 2b, 2e, and 2h),
similar observations can be made. The size of pristine LPS711
particles is also on the order of =5 um, without any bigger
agglomerates, and the LPS711 particle morphology is not affected
by the mixing procedure. This is different for the pristine LSPS
powder (Fig. 2c), which next to small particles of also &5 ym shows
a large fraction of bigger agglomerates with 20 ym and more in size.
However, the slurry processing appears to break up these large LSPS
agglomerates, resulting in a similar LSPS/HNBR separator sheet
morphology (Fig. 2f) that was observed for the LPSCI/HNBR and
the LPS711/HNBR separator sheets. Reasons for size reduction of
the LSPS particles could be due to the HNBR binder acting as a
surfactant or the high stirring step in the mixing procedure.
However, as the reference experiment without HNBR present,
meaning with only LSPS and solvent, also leads to a break-up of
the agglomerates, we believe this is entirely due to mixing at high
revolutions.

Figure 3 displays the SEM cross-section images of the uncom-
pressed LPSCI/HNBR separator sheets with 1.7, 8.2, and, 16.0 vol%
HNBR in combination with the corresponding carbon EDX-map-
ping. For the lowest binder content, a homogenous distribution
without any binder accumulation can be observed from the EDX-
mapping (Fig. 3b). With increasing volume fractions of HNBR,
more and more binder accumulations can be found in the voids
between the LPSCI particles, indicated by intense red signals in the

EDX-mappings (Figs. 3d and 3f). Note, that in the corresponding
SEM pictures, the binder cannot be distinguished from the LPSCI
particles. For all three separator samples, a red stripe at the top of the
EDX-maps can be observed, which is located at the surface near-
region of the separator that was opposite of the PP support film, i.e.,
the surface from which the evaporation of the toluene solvent took
place. This seems to indicate a significant binder migration to the
free surface, caused by the evaporation of the toluene solvent during
the drying process, analogous to the binder migration observed for
battery electrodes.”> However, the possible effects of binder migra-
tion on the conductivity of the separator sheets and how it can be
influenced by the drying process have not been investigated in this
study.

Interaction of the toluene solvent with the solid electrolyte.—
For slurry-based processes, the solvent needs to be chosen carefully
to prevent the degradation of the sulfidic electrolyte. The two main
requirements for a suitable solvent are the ability to sufficiently
dissolve or disperse all the components and to not react with the
components, as that might negatively affect the ionic conductivity.
Yamamoto et al.'*> have investigated the compatibility of LisPS,
with different solvents, which is chemically similar to LPSC1.%"*
The results show that the biggest decrease in ionic conductivity is
observed for solvents with a donor number higher than 14, on
account of their reaction with LisPS4. A protic solvent like ethanol
with a high donor number of 19°° reacts by a nucleophilic attack,
leading to the decomposition of sulfidic electrolytes and the
evolution of H,S. Therefore, the most suitable candidates are
toluene, p-xylene, heptane, anisole, or dichloroethane. The first
four, for example, have already been successfully used for the
preparation of SE/binder separator sheets, and the results showed no
significant decrease in Li-ion conductivity.”*"'* However, recently
Ruhl et al. showed a decrease in ionic conductivity and a change in
morphology of LisPS¢Cl powder treated with toluene for very long
contact times of 48 h.>” These findings appear contradictory to the
already establish slurry preparation method from Riphaus et al.,’
where toluene was used as a solvent and where no detrimental
effects of the exposure of the LSPS solid electrolyte to toluene was
observed. Therefore, XRD, Raman spectroscopy, and XPS were
used to assess whether any reaction between toluene with a sulfidic
SE (exemplarily done for LPSCI) would occur.

Figure 4a shows the influence of the slurry-based processing
(20 min dispersion in toluene) on the LPSCI structure investigated
by XRD. The pristine LPSCl powder is displayed in brown, the
slurry-processed LPSCI/HNBR separator sheet (8.2 vol% HNBR) in
beige, and the slurry-processed and compressed (at 590 MPa)
LPSCI/HNBR separator sheet in yellow. The diffraction patterns
of the LPSCI/HNBR separator sheets provide no evidence for a
degradation of the LPSCI material, even though the slurries had been
mixed with toluene for 20 min. Furthermore, no changes are
observed for the compressed separator sheet, proving that the steps
to preare the compressed separator sheets do not introduce any
artefacts. The overall features of the diffractograms are consistent
with the experimentally observed patterns of the pristine LPSCI
powder, showing the argyrodite structure with F43m symmetry (CIF
No. 418490).%~" In neither case, typical decomposition products
like Li,S (gray shaded area) or LiCl (blue shaded area) that are
found in the case of alcohol solvents®’ could be detected.

The samples were also examined by Raman spectroscopy
(Fig. 4b), following the same color coding as was used for the
XRD data. The pronounced Raman signal in each spectrum at a
wavenumber of 426-427 cm~' can be assigned to the PS,~
tetrahedra of the argyrodites;*”*' the typical decomposition products
such as polysulfides (broad range between 476-506cm ! ?73!)
cannot be found in the spectra of the slurry-processed separator
sheets. Hence, the Raman data are in good agreement with the
results obtained by XRD and provide no evidence for any reaction
between of the LPSCI solid electrolyte during our slurry-processing
method with toluene.
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Figure 2. Top-view SEM images of the pristine SE powders (a) LicPSsCl (LPSCI), (b) Li;P3S;; (LPS711), (c) Li;oSnP,S;, (LSPS) and, (d)—(f), of the thereof
prepared separator sheets with 8.2 vol% HNBR. (g)—(i) Corresponding EDX-maps of the C-signal as marker for the binder distribution within the prepared

separator sheets.

Since the detrimental effect of toluene on the ion conductivity of
LPSCI powder observed by Ruhl et al.>” was after an exposure of
48 h, much longer than the exposure time during our slurry-
processing procedure of only 20 min, and thus significantly less
than in the experiments by Ruhl et al., we also conducted further
experiments where the LPSCI powder was exposed to toluene for
48 h and analyzed by PEIS and XPS. The conductivity of the three
LPSCl powder samples was measured in the spring-cell at an
operating cell pressure of 70 MPa (without any pre-compression of
the powders). The thereby obtained conductivity for the pristine
LPSCI powder of (1.43 = 0.04 mS cm™") is essentially identical to
that of the LPSCI powder that was dispersed with the dissolver in an
HDPE beaker with toluene for 20 min, analogous to the process used
for preparing the slurry-processed LPSCI/HNBR separator sheets
(135 + 0.02 mS cm '; the error bars represent the standard
deviation of three repeat measurements), consistent with the absence
of any changes in their Raman and XRD spectra (Fig. 4). On the
other hand, the conductivity of the LPSCI powder that was obtained
after stirring it with toluene in a glass beaker for 48 h dropped
slightly by a factor of roughly 1.5 (0.98 + 0.06 mS cm™"). However
the detrimental impact of long-term toluene treatment on LPSCI
powders, which was described by Ruhl et al.*” could not be
observed. We cannot clearly identify the reason for the discrepancy
of the results. There is no chemical reactivity to expect between the

sulfidic SE and toluene, therefore one hypothesis for the described
detrimental impact observed by Ruhl et al.”’ is the presence of traces
of water in the system either due to insufficient drying of the solvent
or a leakage during the solvent treatment.

Furthermore, we used XPS analysis in order to have a higher
sensitivity on changes in the near-surface region of the LPSCI
material, analyzing the S 2p region. Comparing the high-resolution S
2p spectrum of the 1plristine LPSCI powder that only shows the S 2p
feature of the PS,”~ units of LPSCI** (Fig. 5a) with that of the
LPSCI1 powder that was mixed with toluene in an HDPE beaker
using the dissolver for 20 min (Fig. 5b; analogous to the process
used for preparing the slurry-processed LPSCI/HNBR separator
sheets), indeed no changes in the S 2p feature can be observed.
Similarly, the same is true when comparing the pristine LPSCI
powder and the as-prepared LigPSsCI/HNBR separator sheet
(Fig. 5d), indicating also no features that could be ascribed to
potential decomposition products, such as lithium sulfide (Li,S) and
polysulfides (Sy™7). On the other hand, for the LPSCI powder that
was stirred in a glass vial with toluene for 48 h (as was done by Ruhl
et al.”’), small signals in the S 2p region characteristic of lithium
sulfide and polysulfides’ can be observed (Fig. 5c), which may
explain the slightly drop in ionic conductivity.

In summary, we can conclude that the short-term exposure of
LPSCI to toluene, mimicking the exposure that occurs during our
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Figure 3. Cross-section SEM images for LPSCI/HNBR separator sheets with different amounts of HNBR binder: (a) 1.7 vol%; (c) 8.2 vol%; and, (e) 16.0 vol%.
The right panels show the corresponding EDX carbon-mapping of the SEM cross-sections: (b) 1.7 vol%; (d) 8.2 vol%; and, (f) 16.0 vol%.

slurry-processing with toluene, does not lead to any detectable
changes in structure and composition by XRD, Raman, and XPS,
and does not affect the conductivity of the LPSCI powder.

Dependence of the separator sheet porosity on the fabrication
pressure.—Throughout the literature, a beneficial effect of a low
porosity on the ionic conductivity of pellet-type solid electrolyte
separators is reported,m’20 so that a high degree of densification is
desirable. For the mechanically ductile sulfidic solid electrolytes,
this can be easily achieved by compression at room temperature.
Figure 6a presents the influence of the fabrication pressure (pg,p,) on
the SE/HNBR separator sheet porosity for the three different solid
electrolytes. The porosity for the as-prepared uncompressed SE/
HNBR separator sheets with an HNBR content of 8.2 vol% ranges
from roughly 50% for LPSCI (red) and LSPS (green) to almost 60%
for LPS711 (blue). Upon applying a fabrication pressure of up to
980 MPa for 5 min, the separator sheet porosity can be reduced to
below 5% for the LPSCI/HNBR and the LPS711/HNBR separator
sheets and to ~8% for the LSPS/HNBR separator sheets. Note that

based on the measurement accuracy of the thickness of the
compressed separator sheets, the estimated absolute error of
the porosity values is on the order of £1%. In order to compare
the porosity values of sheet-type and pellet-type separators, we
determined the porosity of the powder pellet-type samples at 70 MPa
to ¢ = 28% (LPSCI), 32% (LPS711) and 33% (LSPS) and at
590 MPa to ¢ = 11% (LPSCl), 13% (LPS711) and 20% (LSPS).
This compares with ¢ = 24% (LPSCI) and 33% (LPS711 and LPSP)
at 70 MPa and ¢ = 3% (LPSCl), 6% (LPS711) and 12% (LPSP) at
590 MPa for separator sheets of the different SEs with a binder
content of 8.2 vol%. While at 70 MPa values are quite similar, the
porosity values of the sheet-type separators are significantly smaller
compared to powder pellet-type samples. This suggests that the
binder can effectively fill the voids and therefore sheet-type
separators feature lower porosities at the same fabrication pressure.

The largest changes in the porosity of the separator sheets occur
up to a fabrication pressure of 590 MPa, after which only minor
changes occur. Over the entire fabrication pressure range, the
porosity of the LPSCI/HNBR separator sheets is lowest and that of
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Figure 4. Influence of the slurry-processing with toluene on the chemical structure of LPSCI, comparing the pristine LPSCI powder (brown lines) and the slurry-
processes LPSCI/HNBR separator sheets (8.2 vol% HNBR) both uncompressed (beige lines) or compressed at a fabrication pressure of 590 MPa for 5 min
(yellow lines). (a) XRD diffraction pattern (recorded with Mo-K,,; radiation), with the black ticks marking the reflex positions of LPSCI (from CIF no. 418490)
and the asterisks marking reflexes from the glass capillary. The gray and blue shaded areas mark the main reflexes for Li,S and LiCl, respectively; the
diffractograms are arbitrarily offset in the y-direction. (b) Raman spectra with indicated regions of characteristic PS> -units with a maximum of the signal at
426-427 cm™" (blue) and of polysulfides (476-506 cm™") (red).?” The spectra are arbitrarily offset in the y-direction.

the LSPS/HNBR separator sheets is highest, which may be due to
the slightly lower plastic deformability of LSPS.>*® In the
literature, the plastic deformability is described by the so-called
Pugh’s ratio G/B, which relates the shear modulus G to the bulk
modulus B. Sulfidic SEs generally feature a low G/B ratio of < 0.5,
reflecting their ductile nature, whereas for most oxides the G/B ratio
lies between 0.5-0.6. The G/B ratio of LPSCI (0.28) and LPS711
(0.34) are clearly lower than for LSPS (0.48), consistent with the
trends observed in Fig. 6a and thus the most likely explanation why
at a given fabrication pressure the LPSCI/HNBR and the LPS711/
HNBR separator sheets can be densified to substantially lower
porosities than the LSPS/HNBR separator sheets.

Besides the fabrication pressure, we also investigated the
influence of the compression time on the separator sheet porosity.
This is shown in Fig. 6b for LPSCI/HNBR separator sheets with a
binder content of 8.2 vol% for fabrication pressures of either
100 MPa or 590 MPa, indicating that there is no change in porosity
when applying these fabrication pressures between 5-120 min.
While for the sake of clarity only data for LPSCI/HNBR separator
sheets at these two fabrication pressures are shown, it should be
noted that the same behavior was found for the separator sheets
based on the other two SEs and for all other fabrication pressures.

Figure 7 displays top-view (left panels) and cross-section
(right panels) SEM images of LPSCI/HNBR separator sheets with
8.2 vol% HNBR either uncompressed or compressed uniaxially at
room temperature for 5 min at 100 MPa or 590 MPa. Both the top-
view and the cross-section SEM pictures show a loose distribution of
LPSCI particles for the uncompressed separator sheet (Figs. 7a and
7b), with large and numerous voids in between the LPSCI particles.
For the separator sheet prepared at a fabrication pressure of 100 MPa
(Figs. 7c and 7d), the packing of the LPSCI particles appears to be
much denser, which is consistent with the ~2-fold lower porosity
determined in this case (see Fig. 6a). The cross-section image of that
sample reveals that the drop in porosity not only results from smaller
and fewer voids, but from the plastic deformation of the LPSCI
particles. Still, quite large voids can be seen, indicating a not yet
complete densification of the LPSCI/HNBR composite. Upon
compressing at 590 MPa (Figs. 7e and 7f), single LPSCI particles
cannot anymore be identified clearly, and LPSCI particles appear to
have aggregated into bigger domains without visible boundaries in
between. Voids can only be observed in very few instances and are

randomly distributed, giving evidence for an almost complete
densification of the LPSCI/HNBR composite. This is consistent
with the very low porosity of ~3% that was determined in Fig. 6a
for this material when compressed at 590 MPa.

Lithium ion conductivity of the SE/HNBR separators.—Besides
morphology and porosity, the lithium ion conductivity is the most
important property of the produced separator sheets. In order to
investigate the lithium ion conductivity, electrochemical impedance
spectroscopy was performed. All measurements in this section were
conducted at an operating cell pressure of poper = 70 MPa and a
fabrication pressure of pg,, = 0 MPa. Herein, the operating cell
pressure refers to the pressure, which is applied on the sample during
the measurement by the compression of the spring (see Fig. 1).
Hence, poper is independent from the fabrication pressure pygp,,, Which
refers to the prior, cell-external compression of the separator sheet
by the hydraulic press (as was done similarly by Doux et al.>%).

Figure 8 displays the Nyquist plots for LPSCI/HNBR separator
sheets with different binder contents, recorded at poper = 70 MPa and
normalized to the separator sheet thickness that was determined after
the measurement; for comparison, the data for pure LPSC] powder
(black symbols) are also shown. Spectra for the other SEs are shown
in Fig. A-2. The Nyquist plots exhibit a semi-circle at high
frequencies and a low-frequency tail that can attributed to the
blocking electrodes. The semi-circle at high frequencies can be
described by a parallel circuit element of a resistor and a constant
phase element (R/Q), with R representing both intragrain and grain
boundary contributions to the lithium ion transport, which could not
be resolved at the investigated temperature.””~*' Comparing the
impedance spectra for different binder contents, it can be seen that
the semi-circle increases for higher binder contents. We attribute this
effect on the ionically insulating nature of the binder, which is
located in between the LPSCI particles and impedes the ionic
transport across the grain boundaries.

The lithium ion conductivity was determined from the total
separator resistance R that is obtained from the fit of the R/Q
element, as exemplarily shown in Fig. 8 for the 16.0 vol% sample
(gray line). Based on the fitted separator resistance, the lithium ion
conductivity (ognee) Was determined from the thickness of the
separator, which was taken after the measurement and outside the
cell (tp), i.e., with no applied pressure, according to:
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Figure 5. Investigation of the influence of the exposure of LPSCI to toluene,
examining the high-resolution XPS signals in the S 2p region: (a) of the
pristine LPSCI powder; (b) of the LPSCI powder after mixing it with the
dissolver in an HDPE beaker with toluene for 20 min (mimicking the slurry-
processing method); (c) of the LPSCI powder after stirring it in a glass
beaker with toluene for 48 h; and, (d) of the slurry-processed LPSCI/HNBR
separator sheet containing 8.2 vol% HNBR. The powder samples were dried
at room temperature, followed by a subsequent drying under dynamic
vacuum at 70 °C. The green peaks can be attributed to the PS>~ units of
LPSCI, while the orange peaks in case of the LPSCI powder stirred with
toluene in a glass vial for 48 h can be ascribed to lithium sulfide (Li,S) or
polysulfides (Sy>”), indicating a partial decomposition of the LPSCI upon
long-term exposure to toluene.

Osheet = tsep/(A'R) [3]

where A is the cross-sectional area of the 8.0 mm diameter separator
(0.50 cm?). Note that the DC resistance (i.e., the electron conduction
resistance) is at least four orders of magnitude larger than the AC
resistance and is thus negligible. Figure 9a shows the obtained
conductivities (ogpeer) for separator sheets made from different SEs
without compression (i.e., prpr = 0MPa) as a function of the
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Figure 6. (a) Influence of different fabrication pressures (uniaxially pressed
at room temperature for 5 min) on the porosity of SE/HNBR separator sheets
made with 8.2 vol% HNBR binder and different solid electrolytes; LPSCI
(red), LPS711 (blue), and LSPS (green). (b) Influence of the pressing time on
the porosity of LPSCI/HNBR separator sheets (8.2 vol% HNBR) for low and
high fabrication pressures of 100 and 590 MPa, respectively. In each case,
samples were prepared by stacking three 8 mm diameter separator sheets in
the cell setup shown in Fig. A-2. For each data point, three independent
measurements were conducted, and error bars represent the standard
deviation. Dashed lines are a guide to the eye.

volumetric binder content (¢yngr) at an operating cell pressure of
Poper = 70 MPa. A binder content of 0 vol% corresponds to the pure
SE powders and serves as a reference in order to investigate the
change in conductivity by the addition of the HNBR binder. For all
SEs, the determined powder conductivity is roughly 1.5 mS cm™" at
Poper = 70MPa and the measured porosity ranges from ¢ =
28%-33%. The addition of only 1.7 vol% of HNBR binder results
in a significant, ~2-fold decrease in conductivity for the LPSCl/
HNBR and the LPS711/HNBR separator sheets (unfortunately, no
mechanically stable separator sheets could be obtained with 1.7 vol
% of HNBR for the LSPS/HNBR composites). Further increasing
the binder content has a progressively smaller impact on the
conductivity, whereby the here examined SE/HNBR composites
follow the same trend and show essentially identical conductivities
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compressed at 100 MPa; (e) & (f) compressed at 590 MPa.

within the measurement error, with values of ~0.5 mS cm™" for 8.2
vol% HNBR and of ~0.3 mS cm™' for 16.0 vol%. These values
refer t0 poper = 70 MPa, which is a typical pressure used when
testing small-scale ASSB laboratory cells.>*°

In addition, measurements at poper = 590 MPa were conducted in
order to investigate the maximum achievable conductivity. For this
purpose a slightly modified cell setup was used, which is shown in
Fig. A-1. Contrary to the fairly similar conductivities of the different
SE/HNBR separator sheets obtained at pgper = 70 MPa, the
conductivities of the samples with different solid electrolytes differ
somewhat when determined at the higher operating cell pressure of
Poper = 390 MPa, as illustrated in Fig. 9b. The pure SE powder
conductivities range from 2.8 + 0.18 mS cm~! for LPS711 (blue,
e =13%) to 3.2 + 0.23 mS cm ! for LSPS (green, ¢ = 20%) and
3.4 +0.13 mS em ! for LPSCI (red, € = 11%), and are in reasonably

good agreement with the literature (~4 mS cm™' for LSPS reported
by Bron et al.** and /1.3 mS cm ' for LPSCI reported by Boulineau
et al.**). For a more quantitative comparison, the fabrication pressure
and the operating cell pressure need to be considered, as outlined by
Doux et al.?® and by Ohno et al.*' For example, for pg,, = 370 MPa
and poper = 70 MPa, Doux et al.?® report ~3 mS cm ! for LPSCI
when using their optimized carbon powder coated current collector,
which is in good agreement with the data in Fig. 9b, where the
maximum pressure seen by the sample was 590 MPa. As observed
for the above data at poper = 70 MPa, the overall trend of the
conductivity decrease with increasing binder content is also very
similar for all three SE/HNBR composites at poper = 590 MPa, with
the difference that the LPSCl- and LSPS-based separator sheets
outperform those based on LPS711. At a binder content of 8.2 vol%
(i.e., at a binder content of 3.7-5.0 wt%, see Table II), the ionic
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Figure 8. Nyquist plots of the impedance spectra of LPSCI/HNBR separator
sheets, obtained at 25°C and at an operating cell pressure (Pgper) of 70 MPa; the
spectra are normalized to the separator sheet thickness that was determined
ex-situ after the measurements. The separator sheets were prepared without
compression (i.e., pgp = 0 MPa) and with different amounts of HNBR binder:
0 vol% (black), 1.7 vol% (brown), 5.8 vol% (orange), 8.2 vol% (light green),
and 16.0 vol% (dark green); note that 0 vol% corresponds to the pure LPSCI
powder without any solvent exposure. For the measurements, three 8 mm
diameter separator sheets were stacked up in the cell; for the binder-free
sample, 60 mg of LPSCI powder were used. The apex frequency of the R/Q-
element for the separator sheets lies between 2.9-1.2 MHz (both decreasing
with increasing HNBR content) and the shown data were acquired between
3 MHz and 1 kHz. The lines in the plot serve as a guide to the eye. For the sake
of clarity, spectra of separator sheets with an HNBR content of 3.4 and
11.4 vol% are not displayed. An exemplary fit with an R,/Q, + O, equivalent
circuit of the impedance data from a LPSCI/HNBR sheet with a binder content
of 16.0 vol% is displayed in gray.

conductivities are rather similar, with 0.93 + 0.04 mS cmfl, 0.84 =
0.05, and 0.70 = 0.03 mS cm™' for the LPSCI/HNBR, the LSPS/
HNBR, and the LPS711/HNBR separator sheets, respectively.

In order to more rigorously compare the decrease of the ionic
conductivity with increasing volumetric HNBR binder fraction for
the different SE/HNBR separator sheets, the measured ogpeer Values
were normalized by the respective SE powder conductivity values
(Opowder), thereby decoupling the absolute conductivity differences
of the different SEs from that of the corresponding SE/HNBR
composites. Thus, the lower panels in Fig. 9 show the values of
Osheet! Tpowder VS PunBRr fOT poper = 70 MPa (Fig. 9¢) and 590 MPa
(Fig. 9d). Up to a volumetric HNBR binder fraction of 11.4 vol%,
the decrease in conductivity is largely independent of the sulfidic SE
type (we ascribe the differences at 1.7 vol% to small errors in weight
measurements, which become important at this steep part of the
curve). This is somewhat surprising, as at both operating cell
pressures the porosity of the SE/HNBR separator sheets measured
for 8.2 vol% HNBR (see Fig. 6a) differ quite significantly (¢ ranging
from ~23%-34% at poper = 70 MPa and from ~3%-12% at poper =
590 MPa). This suggests that small differences in porosity do not
significantly affect the conductivity of the SE/HNBR separator
sheets. Only at the highest volumetric binder fraction of 16.0 vol
%, significant differences can be observed, with a ~2-fold higher
normalized conductivity for the LPSCI/HNBR separator sheet
compared to the LPS711/HNBR and LSPS/HNBR separator sheets.
When plotting the OgpeedTpowder VS Punpr data acquired at low
(70 MPa) and high (590 MPa) operating cell pressure for the

separators based on a given SE, as shown in Fig. A-3, it can be
seen that the operating cell pressure has no significant impact on the
binder-induced conductivity decrease.

Although the mechanical properties of the here discussed SE/
HNBR separator sheets were not investigated in detail, some
conclusions can be drawn from handling the separator sheets: an
HNBR binder content of < 5 vol% results in rather brittle separator
sheets that are challenging to work with, whereas an HNBR binder
content of > 11 vol% yields very flexible sheets with almost rubbery
properties. At the same time, as discussed above, the higher the
HNBR binder content, the lower is the ionic conductivity of the
separator sheets. Thus, for the here described SE/HNBR separator
sheets, the qualitatively best trade-off between ionic conductivity
and mechanical properties is found for separator sheets with an
HNBR binder content of 8.2 vol%, where ~25%-30% of the
conductivity of the equally compressed SE powder can be obtained
(see Figs. 9c and 9d). Therefore, the following experiments were
only conducted with this binder content.

Effect of the fabrication pressure on SE/HNBR separator
conductivities.—Both the literature and the afore described experi-
ments show higher ionic conductivities at higher operating cell
pressures, due to a lower sample porosity.”° In the case of the here
examined separator sheets, it should be noted that for the separators
based on different SEs, differences in porosity of roughly 10
percentage points were found to not yield significant differences in
their OgheedTpowder values (see above). At the same time, low
porosities might be beneficial for suppressing the formation of Li
dendrites and thus enable cell operation at higher current
densities.>'** However, for actual applications it is not feasible to
apply several hundred MPa on a battery, as this would add an
excessively large weight to the battery and thus reduce its overall
energy density. Therefore, the effect of pre-pressing (or pre-
calendering) of separator sheets on their conductivity (i.e., using a
high fabrication pressure) will be examined next. In doing so, we
compare the conductivity of uncompressed (pg,p, = 0 MPa) separator
sheets at poper = 20, 40, 70, and 590 MPa with that of separator
sheets that had been pre-pressed at pg,,, = 590 MPa and afterwards
measured at operating pressures of 20, 40, and 70 MPa. In each case,
the separator thickness was determined after the experiments, i.e.,
without any pressure applied.

Figures 10a—10c shows the results for the three different SE/
HNBR separators with 8.2 vol% HNBR, with exemplary separator
thickness-normalized Nyquist plots shown in Figs. 10d-10f. In case
of uncompressed LPSCI/HNBR-sheets (pg,,, = 0 MPa, ocher mar-
kers in Fig. 10a), the conductivity values range from 0.17 = 0.04 mS
em™' (33% porosity) at 20 MPa cell operating pressure to 0.43
0.02 mS cm ™! (24% sample porosity) at poper = 70 MPa, reaching a
maximum value of 0.94 = 0.05 mS cm ' (3% sample porosity) at
Poper = 590 MPa. When the separator sheets are pre-pressed at
Prabr = 590 MPa before the conductivity is determined, higher values
are observed for all operation pressures, e.g., 0.57 £ 0.05 mS cm!
(3% sample porosity) at poper = 70 MPa (olive green marker). It is
striking that the conductivity of this sample pre-pressed at peyp,, =
590 MPa and measured at poper = 70 MPa is almost 2-fold lower
than the uncompressed sample that was measured at poper =
590 MPa, even though both samples have the same porosity of
~3%. Doux et al.>° observed a similar increase of the conductivity
with increasing operating cell pressure for LPSC] powder samples
pre-compressed at pp,,, = 370 MPa (*2-fold when increasing poper
from 20 to 70 MPa), which they attributed to poor contacting of their
SE powder samples by metal current collectors at low cell operating
pressures. This is based on their observation that the conductivity
increase with poper could be reduced substantially by placing layers
of conductive carbon between their metal current collectors and their
SE powder sample (=1.4-fold when increasing poper from 20 to
70 MPa). Considering that the increase in conductivity with the
operating cell pressure is similar in the experiments shown in
Fig. 10a, it is also likely due to the effect of contact resistances
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Figure 9. Separator sheet conductivity (ogpeer) at 25 °C of different SE/HNBR separators (red: LPSCI; blue: LPS711; green: LSPS) that were prepared without
compression (i.e., prpr = 0 MPa) as a function of volumetric binder content (¢ngr) at two different operating cell pressures: (a) poper = 70 MPa: (b) poper =
590 MPa. Note that the point at 0 vol% corresponds to the pure SE powder without any solvent exposure and that oge is determined from Eq. 2. Note that the
sample thickness is determined after the measurement and outside the cell, i.e. with no pressure applied. The lower panels show the ogpeer, Values normalized to
the pure SE powder conductivity (0powder depicted at O vol% HNBR) at the respective operating cell pressures: (C) poper = 70 MPa; (d) poper = 590 MPa. The
dotted, grey line at ogpee/ Tsneer = 1 corresponds to the powder conductivity at the respective operating pressure. For each data point, three samples were taken
and error bars were obtained by the standard deviation of the three independently measured samples. Dashed lines are a guide to the eye.

between the metal current collectors of the cell and the separator
sheets, as reported by Doux et al.>® Nevertheless, it is clear that
higher fabrication pressures result not only in much reduced
porosities of the LPSCI/HNBR separator sheets, but also in ~1.5-
fold higher conductivites at any given operating cell pressure.
Figure 10d compares the impedance data of the LPSCI/HNBR
separator prepared without compression and measured at poper =
70 MPa (ocher; porosity of 24%) with the uncompressed sample
measured at poper = 590 MPa (ocher, porosity of 3%), the decrease
of the semi-circle can be correlated with an enhanced grain boundary
conduction due to a better contacting of the particles upon
densification, i.e., at lower porosity. On the other hand, when the
LPSCI/HNBR separator is pre-compressed at 590 MPa (again
resulting in a low porosity of 3%) and measured at poper =
70 MPa (olive green), the semi-circle increases and the apparent
conductivity decreases. This can be interpreted either as the effect of
a higher contact resistance at lower operating cell pressure (see
above) or as an internal relaxation of the binder and SE particles due
to a spring back leading to a microscopic contact loss of the SE
particles without a macroscopic change in the sample thickness.
Similar dependencies of the conductivity on fabrication and
operating cell pressure can be observed for the LPS711/HNBR
separators (8.2 vol%). The only significant difference between the
LPSCI/HNBR and the LPS711/HNBR separators is that the latter

have slightly higher porosity values, as already observed in Fig. 6.
Exemplary thickness-normalized Nyquist plots of uncompressed and
pre-pressed LPS711/HNBR separators are shown in Fig. 10e.
Surprisingly, for the LSPS/HNBR separators (8.2 vol%), no change
of the conductivity after pre-compression when measured at a given
operating pressure can be observed (see Fig. 10c). For example, the
sheets measured at an operating cell pressure of 70 MPa give a
conductivity of 0.32 £ 0.01 mS em™! when prepared with pey,, =
0MPa and 0.34 + 0.01 mS cm ™' when prepared with pr,p, = 590 MPa.
One apparent difference between the pre-compressed separators based
on LSPS vs those based on LPSCl or LPS711, is the substantially
higher porosity of the latter (3% and 6% for the former, 12% for the
latter). In order to investigate whether this difference in porosity could
explain why the LSPS/HNBR separator sheets yield the same con-
ductivity at poper = 70 MPa for uncompressed and pre-compressed
samples, we will next examine the effect of porosity on conductivity.
Unfortunately, it was not possible for the LSPS/HNBR separator sheets
to achieve a final porosity value of 3% that can be reached for LPSCl/
HNBR separator sheets. Hence, we conducted the following evaluation
on the effect of porosity using LPSCI/HNBR separator sheets with
8.2 vol% HNBR, which were subjected to different fabrication pressures
ranging between 0 and 590 MPa, after which their conductivity was
determined at an operating cell pressure of 70 MPa (see Fig. 11). For a
fabrication pressure of 215 MPa, resulting in a porosity of 11%, the
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Figure 10. (a)—(c) Conductivity of different SE/HNBR separator sheets with
8.2 vol% HNBR (red: LPSCI; blue: LPS711; green: LSPS) that were
prepared either without pre-compression (pg,p,, = 0 MPa, ocher) or with a
high fabrication pressure of pg,, = 590 MPa (olive green), determined at
operating cell pressures of poper = 20 MPa, 40 MPa and 70 MPa, as well at
590 MPa. Values are given as the average of three measurements and error
bars represent the standard deviation thereof. Porosity values of the samples
are given in percent and written next to corresponding data points. (d)—(f)
Corresponding Nyquist plots, normalized to sample thickness for measure-
ments at py,er = 70 MPa (circles in ocher and olive green) and 590 MPa
(circle cross in ocher).

LPSCI/HNBR separator conductivity of 0.46 + 0.004 mS cm™" is only
marginally larger than that of the uncompressed sample with a porosity
of 24% (0.43 + 0.02 mS cm ™), a difference which is within the error
range of the measurements. Only upon pre-compression at pgyp, =
295 MPa, resulting in a porosity of 9%, the conductivity increases by
~20% compared to the uncompressed sample (i.e., to 0.52 + 0.01 mS
cm™). Finally, at pg,, = 590 MPa and 3% porosity, a conductivity gain
of ~31% compared to the uncompressed sample is observed (with a
value of 0.57 + 0.04 mS cm ™' at pg,, = 590 MPa). For the LPSCV/
HNBR separator sheets, this shows that substantial conductivity gains
for pre-compressed separators can only be observed once the porosity
decreases below 11%. Thus, if one were to assume a similar
conductivity vs porosity dependence for the LSPS/HNBR separator
sheets, one could explain why there was no improvement of their
conductivity between uncompressed samples and samples pre-com-
pressed to 590 MPa (see Fig. 10c), where the porosity was still 12%. In
summary, the data in Fig. 11 suggest that a pre-compression of the SE/
HNBR separator sheets only significantly improves their conductivity
when very low porosities (on the order of lower than 10%) can be
obtained, which for materials like LSPS would require fabrication
pressures of more than 800 MPa (see Fig. 6).

Conclusions

In this work, we report the preparation of thin separator sheets
composed of solid electrolyte (SE) and HNBR binder for potential
use in all-solid-state batteries (ASSBs) by a slurry-based process,

LPSCIHNBR ; p,,.. = 70 MPa
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Figure 11. Influence of the fabrication pressure and the porosity on the ionic
conductivity of LPSCI/HNBR (8.2 vol%) separator sheets, recorded at an
operation cell pressure of 70 MPa. Yellow bars represent the separator sheet
conductivity of uncompressed samples and green bars indicate the gain in
conductivity after pre-compression at the given fabrication pressure.
Corresponding porosity values after the pre-compression step are given in
green numbers and in yellow numbers for the uncompressed samples. The
numbers on the black arrows mark the percentage increase in conductivity
compared to the uncompressed samples.

investigating three different solid electrolytes, viz., LigPSsCl
(LPSCI), Li;P3S;; (LPS711), and Li;oSnP,S;, (LSPS). Using these
separators sheets, we investigate the influence of time and fabrica-
tion pressure on the porosity of the sheets. Additionally, we
investigate their ionic conductivity as a function of the volumetric
binder content, the fabrication pressure of the separator sheets, and
the operation cell pressure during the conductivity measurements
using an in-house developed cell design.

The prepared separator sheets have a dry-film thickness of
~100 pm and a porosity around 50% in their uncompressed, as-
prepared state. Substantial densification of the separator sheets is
easily achieved by compression at room temperature, reaching
porosities at pressures of 590 MPa that are as low as 3%—12%
(corresponding to thicknesses as low as ~48-76 um), depending on
the solid electrolyte. Thereby, the applied compression has a
significant influence on the final separator sheet porosity, whereas
the compression time has none.

Even small amounts of binder lead to a significant decrease in
ionic conductivity, which further decreases for further increasing
binder contents. The separator sheets feature 25%-30% of the
conductivity of the pure SE powder when compared at the same
fabrication pressure. The observed decrease in conductivity is
mainly a function of the volumetric binder content rather than of
the used solid electrolyte. In this study, a binder content of 8.2 vol%
proved to be the best compromise between achieving adequate
mechanical properties for a good handling of the sheets and
obtaining a reasonably high ionic conductivity with respect to the
pure SE powder. For this binder content room temperature
conductivities of roughly 0.5 mS ¢m™' could be obtained. Owing
to the fact that the SE/HNBR separators are comparably thin, the
separator sheets have approximately the same areal resistance as the
typically much thicker pellet-type separators, but enable for a
simpler preparation of large-format cells.

Lastly, we evaluate on the influence of fabrication and operation
cell pressure on the ionic conductivity of the separator sheets. We
show that a densification of the separator sheets at high fabrication
pressures to low porosities can be used to increase their conductivity
at lower operating cell pressures. Additionally, we show, that the



Journal of The Electrochemical Society, 2022 169 070508

porosity cannot directly be correlated to the conductivity, as the
operating cell pressure has a significant influence on the sheet
conductivity, even for low residual porosities.
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Appendix

Cell setup for high cell stack compression.—The following
figure shows the details of the cell setup used in combination with a
hydraulic press located in the glovebox in order to reach cell stack
compressions of 100-590 MPa, with an accuracy of +20 MPa. The
theoretically determined capacitance of this cell is 1.3 - 10" ' F,
which is in good a?reement with the experimentally determined
value of ~1.0 - 107"' F. The stray capacitances of the setup are at
least three order of magnitude lower than the capacitances of the cell
and thus do not influence the results of the PEIS measurements. The
internal resistance of the cell was determined to <0.2€2.

Impedance spectra of the LPS711/HNBR and LSPS/HNBR
separator sheets.—The following figure shows the impedance

Piston with hole for
electrical connection

PEEK tube
Cell body

Cell stack

Hole for electrical
connection

Piston

Figure A-1. Cross-sectional illustration of the cell design used for measure-
ments at Poper > 100 MPa. In order to apply the pressure, the cell was put
into a hydraulic press. The bottom of the cell body and the top of the piston
were electrically insulated from the press by a polyimide foil. The cell body
is made from stainless steel; pistons and dies from hardened stainless steel.
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Figure A-2. Thickness-normalized Nyquist plots of the impedance spectra
obtained at 25 °C and at an operating cell pressure of poper = 70 MPa for
LPS711/HNBR (left) and LSPS/HNBR separator (right) that were prepared
without compression (i.e., prpr = 0 MPa) and with different binder contents:
0 vol% (black), 1.7 vol% (brown), 5.8 vol% (orange), 8.2 vol% (light green),
and 16.0 vol% (dark green); note that 0 vol% corresponds to the pure SE
powder without any solvent exposure. Samples were prepared by stacking
three 8 mm separator sheets or using an amount of 60 mg SE powder for the
binder-free samples. For the sake of clarity, spectra of separator sheets with
an HNBR content of 3.4 and 11.4 vol% are not displayed. In case of the
LSPS/HNBR system, the 1.7 vol% HNBR separator sheet could not be
prepared. The apex frequency of the R/Q-element for the LPS711-based
composites ranges between 2.9-0.9 MHz and for the LSPS-based composites
ranges between 2.9-1.2 MHz (both decreasing with increasing HNBR
content). The shown data points span the frequency range of 3 MHz—
1 kHz, and the lines serve as guide to the eye.

measurements for uncompressed (pp, = 0 MPa) separator sheets
obtained at a cell operating pressure of popey = 70MPa. In
accordance to the observations described for LPSCI/HNBR sheets
(cf. Fig. 8 in the main text), the spectra exhibit a semi-circle at high
frequencies, representing grain and grain boundary contributions to
the lithium ion transport, and a low-frequency tail due to the
blocking electrode configuration. With increasing binder content,
the magnitude of the semi-circle increases, leading to a decreasing
ionic conductivity.

Dependence of the separator conductivity on the operating cell
pressure.—Figures 9, 10c and 10d in the main part show the
normalized separator sheet conductivities (Osneet/Tpowder) VS PHNBR:
comparing the three different SE systems at an operating cell
pressure of 70 and 590 MPa each. Here we additionally compare
Osheet!Tpowder VS @unpr for the same SE systems at low (70 MPa,
data points in lighter colors) and high (590 MPa, data points in
darker colors) operating cell pressure in order to investigate its
impact on the separator sheet conductivity. Figure A-3 shows that,
within the range of the experimental error, the normalized separator
conductivity is essentially independent of the operating cell pressure
and only a function of the volumetric binder content.
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Figure A-3. Separator sheet conductivity (0gheer)> Normalized to the pure SE powder conductivity (0powder) at Poper = 70 MPa (lighter color) and at poper =
590 MPa (darker color) as function of the volumetric HNBR binder content (¢ungr) for the different SE/HNBR separator sheets prepared with py,p,, = 0 MPa: (a)
SE = LPSCI (red); (b) SE = LPS711 (blue); (c) SE = LSPS (green). For each data point, three samples were taken and error bars were obtained by the standard
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Results

3.1.2 Development of a u-Reference Electrode for
Advanced Diagnostics in All-Solid-State Battery
Pouch Cells

This section presents the article “A Micro-Reference Electrode for Electrode-
Resolved Impedance and Potential Measurements in All-Solid-State-Battery Pouch Cells
and Its Application to Indium-Lithium Anodes”, which was submitted in January 2023
and published in March 2023 in the peer-reviewed Journal of the Electrochemical
Society.!®* It is available as an “open access” article under the terms of the Creative
Commons Attribution 4.0 License (CC BY). The permanent web link is available under:
https://iopscience.iop.org/article/10.1149/1945-7111/acc699/pdf. Christian Sedlmeier

presented the article at the 241%" Meeting of the Electrochemical Society in Vancouver,

Canada in May 2022 (Meeting Abstract MA2022-01 207).

A three-electrode setup featuring a micro-reference electrode (u-RE) for electrode-
resolved EIS measurements is a powerful and widespread tool in liquid electrolyte-based
LIB research.!®>"1® However, this technique has yet not really found its way into ASSB
research, which is reflected by the fact that up to now most of the reported impedance
measurements are conducted in a full-cell configuration.!?”19%170-174 Dye to similar time
constants for anode and cathode impedance contributions, no reliable quantitative
interpretation of the impedance spectra is possible. Only a handful of studies report
electrode-cell resolved impedance spectra in sulfide-based ASSB, all of which use pellet-
type cells, which are contained in a rigid cylinder.!9%1%175-177 We believe that the
mechanical and geometrical very demanding integration of the RE into pellet-type cells
i1s a major factor hindering the implementation of a u-RE from becoming a standard
method. For exactly that reason we developed sheet-type separators (see
subsection 3.1.1), which allow a straight-forward integration of a wire-shaped reference
electrode. Using a pouch cell configuration that is spatially not confined towards the
edges of the separator, like it is the case for cells contained in a cylinder, it is quite simple

to ensure a good electrical contact of the RE.

In this study, we report the implementation of a micro-reference electrode into an
ASSB pouch cell, which is inspired by an approach for liquid electrolyte LIBs from our
group.'¢” The reference electrode was made from a thin gold wire (50 um core diameter)

with an insulating polyimide coating (7 um thickness) that was sandwiched between two
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equally thick LPSCI/HNBR separator-sheets. This preparation method guaranteed a
central position inside the cell and the identical distance from both electrodes, both of
which are essential requirements for obtaining artifact-free half-cell impedance
spectra.!$>17817 Subsequently, the gold wire was in situ electrochemically lithiated from
one of the electrodes, forming a lithium-gold-alloy with a stable potential of 0.31 V vs.
Li*/Li.'® Using a Li|Li cell equipped with a gold wire micro-reference electrode

(GWRE), we successfully showed that the GWRE can be used in ASSB research.

With the aid of the GWRE, we investigate indium-lithium anodes that were prepared by
stacking and subsequent compression of indium and lithium foils with an atomic ratio of
In:Li=76:24. Here we could show that the lithium reservoir of the electrode is
electrochemically accessible only if the Li-enriched side faces the separator. In the case
where the side of pure indium, of which an excess is used, is attached to the separator,
the lithium is electrochemically not accessible, since the lithium transport through the
pure indium is slow. Since indium and indium-lithium electrodes are commonly used as
counter/reference electrodes in ASSB lab-cells for cathodes investigations, we evaluate
the practical relevance of our results: (i) no homogeneous lithium distribution within the
InLi electrode (nominal composition Ing.76Li0.24) could be detected after 34 days of OCV;
instead our measurements indicate two distinct phases, i.e., an InLi phase with a 1:1
stoichiometry (IniLii) and a solid solution phase of ~1 at% Li dissolved in indium
(In(6L1)); (i7) attaching a piece of lithium on the backside of an indium foil provides a
stable reference electrode potential of 0.62 V vs. Li*/Li, however, the large lithium
reservoir contained in the indium-lithium electrode configuration 1is not
electrochemically accessible at practically relevant current densities; and (iii) for
experiments that require a reservoir of cyclable lithium, it is mandatory to use the In;Li;
phase at the electrochemically active interface towards the separator; experimentally, this
configuration is best achieved by an ex sifu preparation of the indium-lithium electrode

prior to cell assembly.

Author contributions

C.S. and C.F.S. developed the three-electrode design in order to implement the gold wire
into the cell. C.S. performed all the experiments and entirely analyzed the data. The data
were discussed by C.S., R.S., and H.A.G. The manuscript was written by C.S. and edited
by H.A.G.
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Impedance measurements are a powerful tool to investigate interfaces in lithium-ion batteries (LIBs). In order to deconvolute the
anode and cathode contributions to the cell impedance, a reference electrode (RE) is required. However, there are only very few
reports on the use of a three-electrode setup with an RE for all-solid-state batteries (ASSBs), which is due to the complexity of
integrating an RE with a suitable geometry into the typical ASSB test cells that are based on a compressed electrolyte pellet. In this
study, we present a straightforward approach to implement a micro-reference electrode (4-RE) for electrode-resolved impedance
and potential measurements into ASSB pouch cells. The p-RE consists of an insulated ~64 ym diameter gold wire that is
sandwiched between two LicPSsCl/polymer separator sheets and activated by in situ electrochemical lithiation. Using this ;-RE,
we investigate the electrode potential and the accessibility of cyclable lithium at the separator interface of indium-lithium anodes,
which are prepared by stacking lithium and indium foils with a molar excess of indium. We compare two different cell assembly
configurations, with the separator faced by either (i) the formerly In-side or (ii) the formerly Li-side, showing that only the latter
case provides a reservoir of cyclable lithium.
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The properties of lithium-ion battery (LIB) electrodes and the
mechanisms that lead to their long-term degradation are often
studied by means of electrochemical impedance spectroscopy
(EIS),'™ as it allows for the deconvolution of kinetic and transport
resistances.”® However, the analysis of the impedance spectra
obtained in a conventional two-electrode configuration can often
be ambiguous, as they give only the sum of both electrode
impedances, so that the properties and/or the degradation of either
cathode or anode cannot be deconvoluted. For this reason, research
efforts in the field of LIBs based on liquid electrolytes aimed at
developing methods to acquire the impedance spectra of individual
electrodes, e.g., by the use of symmetric cells or of micro-reference
electrodes (u-REs).”™'" In contrast to LIB cells with liquid electro-
lyte, for which cycled cells can easily be disassembled to harvest the
electrodes and to reassemble them as symmetric cells (with only
anodes or cathodes), this method is practically not feasible for all-
solid-state batteries (ASSBs), as the high compression required
during cell assembly and cell testing does generally not permit a
subsequent retrieval of the individual electrodes. Hence, a three-
electrode setup with a reference electrode (RE) has to be used
whenever the impedance of either one of the individual electrodes in
a cell is to be investigated.

In the research field of sulfidic ASSBs, only very few reports
have been published with cells featuring a three-electrode config-
uration, most of which use the RE primarily to control the electrode
potentials.'>™"> Only a few studies report EIS spectra that make use
of RE in a three-electrode configuration, e.g., by using a circular
indium-lithium RE that is located around the outer perimeter of a
solid electrolyte (SE) separator pellet,'® a gold-plated tungsten wire
embedded in an SE pellet (representing a pseudo-RE for EIS
measurements),'” or an LTO-coated Ni mesh embedded into an SE
pellet.'® The small number of reports that demonstrate EIS spectra of
individual electrodes in three-electrode ASSB cells likely reflects the
experimental difficulties of integrating a RE into a pellet-type cell
that is typically contained within a rigid cylinder. At the same time,
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it is crucial to fulfill certain requirements regarding the position and
shape of the RE to obtain artifact-free impedance spectra.'®=>*

Herein, we report on a u-RE design for an ASSB pouch cell,
which is based on our previous approach developed for liquid
electrolyte LIBs.'" The u-RE is made from a ~64 ym diameter
insulated gold wire (~7 um thick insulation around a ~50 ym
diameter gold wire) from whose tip the insulation is removed and
that is placed between two SE/polymer composite based separator
sheets; subsequently, the de-insulated part of the gold wire is
electrochemically lithiated from one of the two electrodes, forming
a lithium-gold alloy with a defined potential. Based on our previous
work, we will refer to this kind of u- RE as gold wire reference
electrode (GWRE). Its mechanical integration into the here used
pouch cell configuration is straightforward, as the gold wire is placed
between two equally thick SE/polymer separator sheets, which
guarantees a centered position midway between working (WE) and
counter electrode (CE). Moreover, the unconstrained geometry of a
pouch cell at the edges of the separator allows for a simple electrical
contacting of the ;-RE, which is much more straightforward than for
a SE pellet-type cell configuration that is typically constrained
within a closed cylinder.

To demonstrate the here developed p-RE concept, we use the
GWRE to study the characteristics and the impedance of indium-
lithium (InLi) electrodes assembled in ASSB battery cells in two
different configurations. Indium-lithium alloy electrodes are com-
monly used as CE in ASSB laboratory test cells, as less degradation
at the interface between a sulfidic SE separator and an InLi CE
compared to a metallic lithium CE is expected due to the higher
potential of indium-lithium compared to pure lithium.?
Furthermore, the indium-lithium alloy has a constant potential
plateau of ~0.62V vs Li"/Li over a wide compositional range,
namely from a very low lithium content (near ~1 at%) up to close to
~50 mol% Li (i.e., In,Li,), indicating the formation of a two-phase
region (In and In;Li;) and providing a well-defined reference
potential.**® Throughout the literature, there are different ways
to prepare indium-lithium CE and to implement them into an ASSB
cell. The most simple way is to use a pure indium foil with a
capacity high enough to accommodate the entire lithium from a
cathode electrode (e.g., based on NCM or LFP cathode active
materials),”?° whereby an indium-lithium alloy is formed in situ by
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electrochemical lithiation upon the initial charging of the cell (i.e.,
upon the initial delithiation of the cathode active material). In this
case, the indium CE very quickly develops a stable open circuit
voltage (OCV) of ~0.62 V vs Li*/Li (for x between ~0.01 and ~1.0
in In;Li,%®), but does not provide any extra lithium reservoir that
could compensate for any lithium inventory losses during cycling
(e.g., caused by the formation of a solid electrolyte interphase (SEI)
at the CE). An option to attain an indium-based CE with an
additional lithium reservoir is to chemically prelithiate the indium
to form an indium-lithium alloy prior to cell assembly. For pellet-
type ASSB cells, this is typically realized by first pressing an indium
foil onto the pre-pressed SE pellet-type separator and then attaching
a small piece of lithium onto the back-side of the indium.'8*%!
Thereby, the molar fraction of lithium must not exceed ~47 at% to
stay in the two-phase region that extends between ~1 and ~50 at%
Li and that has a stable OCV of 0.62V vs Li*/Li.**>*% An
alternative to stacking indium and lithium foils to prepare an indium-
lithium CE is the milling of indium and lithium powders®® or the
melting of indium and lithium metal chunks at 700 °C,** both
leading to the formation of an indium-lithium alloy. Recently, also
composite electrodes composed of a mixture of indium-lithium
particles with a nominal In:Li molar ratio of 1:2 (we will refer to this
based on its nominal composition as In;Li 5, even though it does not
necessarily form a single phase) and of solid electrolyte particles
(In;Lig s/SE) have been repor*ted,”’16 whereby lithium was enfolded
inside an indium foil to form a brittle In;Liy 5 mixture, which in a
second step was ground to fine particles and mixed with a sulfidic
solid electrolyte. The increased electrochemically active surface area
is supposed to prevent lithium diffusion limitations compared to pure
indium-lithium anodes without additional SE."

Considering the above options for preparing an indium-lithium
alloy CE for use in ASSB pouch cells with SE/polymer composite
based separator sheets, the approach of stacking indium and lithium
foils has proven to be practically most feasible. The alloy composi-
tion that is best suited to obtain a well-defined OCV that is stable
over a wide range of lithium content should be within the two-phase
region up to 50 at% Li, as was used in several previous studies
(22 at%,”" 33 at%,"” 44 at%™®). In this case, the indium-lithium
electrode should consist of a (nearly) pure indium phase and an
indium-lithium phase with a stoichiometry of close to “In;Li;,” as
the average molar fraction of indium is >50 at%. Since in the typical
assembly procedure the lithium foil is attached to the backside of the
indium foil that in turn is in direct contact with the solid electrolyte
separator, the lithium is initially not present at the indium/separator
interface; however, one might expect that lithium will diffuse
towards the indium/separator interface due to its mobility in the
alloy. On the other hand, if below 50 at% lithium a true two-phase
solution of pure indium and In;Li; phase were to be formed, one
would not expect that a homogenous lithium distribution would be
obtained, as in this case pure indium would coexist with a In;Li,
phase, so that even in equilibrium a pure indium phase would persist
near the indium/separator interphase. For the actual case where a
solid solution of small amounts of lithium in indium
(~1.0-1.5 at%>>*) is in equilibrium with an In,Li, phase, a small
concentration of lithium (viz., ~1.0-1.5 at%) would be expected at
the interface to the separator at equilibrium. While this would still
yield an OCV of ~0.62V vs Li*/Li, it would not provide a
significant lithium inventory that is accessible during cell cycling
studies.

In order to investigate the lithium distribution in indium-lithium
electrodes more in detail, we prepared ASSB pouch cells with
indium-lithium electrodes, prepared by stacking and subsequent
compressing indium and lithium metal foils. In one case, we have
used the conventional configuration with the lithium attached to the
back-side of the indium foil that in turn is in contact with the SE
separator, so that the lithium at least initially is not in contact with
the SE separator. In the other case, we have flipped the indium-
lithium electrode so that the side where the lithium was pressed onto
the indium foil faces the SE separator. Implementing a GWRE into

the cells, we perform electrode-resolved electrochemical impedance
spectroscopy and galvanostatic pulsing to investigate the availability
of lithium of at the separator interface, i.e., whether the available
lithium inventory can be accessed electrochemically. As already
suggested by the above discussion, we will show that the two
different indium-lithium configurations in the cell assembly yield the
same OCV but differ in the lithium inventory that they can provide,
i.e., only one of the two configurations can be used to mitigate
lithium inventory loss (analogous to a lithium metal CE in a liquid
electrolyte-based LIB cell).

Experimental

Materials.—The handling of all materials and all processing
steps were conducted inside an Ar filled glovebox (O, < 0.1 ppm,
H,O < 1 ppm, MBraun, Germany). Non-moisture sensitive mate-
rials and cell parts, stored at ambient atmosphere, were dried at
70 °C under dynamic vacuum in a glass oven (Biichi B-585, Biichi,
Switzerland) for at least 16 h prior to transfer into the glovebox and
subsequent usage. The solid electrolyte LicPSsCl (LPSCI) was
purchased from Solid Ionics (China) and used without further
purification. Hydrogenated nitrile butadiene rubber (HNBR, 5.5 x
10° g- mol_', 17 wt% acetonitrile, < 1% residual double bonds) was
provided by Arlanxeo (Netherlands). Lithium foil (battery grade,
0.075 mm thickness) was purchased from Chemical Foote Corp.
(USA) and indium foil (99.99% purity, 0.28 mm thickness) from
ChemPur (Germany). The insulated gold wire (50 ym diameter with
a 7 pm thick polyimide insulation) was purchased from Goodfellow
Cambridge Ltd (UK).

Separator and electrode and preparation.—LPSCI/HNBR-com-
posite separator sheets with 5 wt-% HNBR were prepared by a
slurry-based process in toluene, as described in our previous work.”
Pure indium and lithium electrodes were punched using a square
punch (Spahn GmbH & Co. KG, Germany) with a side length of
20 mm.

Electrodes made from indium-lithium alloy were prepared by
stacking an indium foil (cut to 22 x 22 mm, 0.28 mm thickness) and
lithium foil (cut to 19 x 19 mm, 0.075 mm thickness) on top of each
other and compressing the stack between two polypropylene sheets
(0.09 mm thickness, Leitz, Germany) in a homemade compression
tool, using a manual hydraulic press (Atlas 15 T, Specac, UK) at a
tonnage of three metric tons (~60 MPa) for 5 min. Upon compres-
sion, both metal foils would merge with each other and expand
~1 mm in each direction. Subsequently 20 x 20 mm electrodes
(4.0 cm®) were punched out, yielding indium-lithium electrodes with
an average Li content of ~24 at% (corresponding to a nominal
composition roughly In;Lig3,), calculated from the respective
density p and molecular mass M of indium (p(In) = 7.31 gcm™;
M(In) = 114.82 g mol ') and lithium (p(Li) = 0.534 gcm™~; M(Li)
= 6.94 gmol™") and assuming a homogenous areal distribution of
indium and lithium upon compression. In this case, considering that
the final area of the electrode made from the merged and punched
foils is 4.0 em? (i.e., 20 x 20 mm), the indium-lithium delithiation
capacity would be ~14 mAh cm 2 (slightly higher for a not
perfectly homogeneous areal distribution); its lithiation capacity
until the complete conversion of the roughly In;Lig 3, phase to the
In,Li, average composition would be roughly ~30 mAh cm >
(slightly lower for a not perfectly homogeneous areal distribution).
Note that the thus prepared indium-lithium electrodes in principle
feature two different faces as depicted in Figs. la—lc: an optical
image of the side where the lithium foil was pressed onto the indium
foil is shown in Fig. 1b and will further on referred to as “InLi-(Li),”
whereas Fig. 1c depicts the optical image of the opposite side of the
electrode, which further on is referred to as “InLi-(/n).” The
difference in their optical appearance after preparation already
indicates that they are not identical, i.e., that they do not have the
same composition; as will be shown later, they also do not have the
same electrochemical properties.
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?
ﬂ60 MPa

InLi-(Li)

InLi-(/n)

Figure 1. (a) Schematic illustration for the preparation of an InLi alloy by stacking and subsequent compression of Li and In foils, resulting in an average
composition of In;Li 3,. The resulting electrode has two optically different faces: (b) the side, where the lithium foil was pressed onto the indium foil, further on
referred to as “InLi-(Li)”; (c) the opposite side, further on referred to as “InLi-(/n).” (d) SEM image of an ion-milled cross-section of the 50 ym diameter gold
wire with a 7 pum polyimide insulation, embedded in an LPSCI/HNBR separator. The Au wire was sandwiched between two porous LPSCI/HNBR sheets (initial
thickness ~380 pm each, initial porosity ~51%) and the entire stack was then compressed at ~70 MPa, resulting in an overall separator thickness of 413 pum and
a residual porosity of ~15%. e) Picture of an ASSB pouch cell in a three-electrode configuration, featuring a working electrode (WE), a gold wire reference
electrode (GWRE) and a counter electrode (CE). The dimension of the separator (red; 25 x 25 mm) and CE (green; 20 x 20 mm) are marked by dashed lines (the
WE electrode has the same dimensions and the same in-plane position as the CE). The position of the gold wire is indicated by the golden dashed line.

For the micro-reference electrode, a roughly 3 cm long piece of
Au wire (50 um core diameter) with a 7 um thick polyimide
insulation was used, of which the insulation at one end was removed
by hand with a scalpel at a length of ~0.5 mm. The other end of the
wire was attached to a nickel tab (PI-KEM, UK) using an ultrasonic
welder (type Omega from Ultrasonic-weldsolution, Germany).
During the welding process, the insulating polyimide cover is
broken up, ensuring a good electrical connection between the Au
wire and the nickel tab. Next, the gold wire was sandwiched between
two LPSCI/HNBR-composite separator sheets (25 x 25 mm,
~370 pm initial thickness each, ~51% initial porosity) in such a
way that the de-insulated part of the gold wire is in the center of the
separator. Subsequently, the sandwich was compressed in the
hydraulic press inside the glove box at a tonnage of 4.5 metric
tons (corresponding to ~70 MPa), firmly embedding the Au wire
inside the separator. The final LPSCI/HNBR separator sheets with
the embedded GWRE had a thickness of ~413 ym and a porosity of
~15% and Fig. 1d shows a representative SEM image of an ion-
milled cross-section. In this context it is important to mention that
for the LilLi cell, four separator sheets were used instead of two as it
is the case for all the other cells. This was done in order to exclude
Li creep upon cell compression.

Cell design and assembly.—Pouch cells were assembled in a
three-electrode setup, featuring a working electrode (WE), a RE and
a CE. The compressed separator containing the RE was placed in a
pouch bag (DNP, Japan). To each side of the separator, the WE (Li,
In, or InLi-(/n)) and the CE (Li or InLi-(Li)) were attached. Onto
each electrode, a copper foil (11 pm thick; GELON, China) serving
as current collector was placed, to which a nickel tab with an
adhesive polymer tap (PI-KEM, UK) was connected. The pouch bag
was sealed at a pressure of 25 mbar using a vacuum sealing device
(MULTIVAC, Germany). Figure le shows a photograph of a pouch
cell with the indicated dimensions and position of the separator, the
electrodes and the gold wire RE. For electrochemical testing, the

pouch cell was taken out of the glovebox and placed between two
stainless steel plates (upper plate: 10 mm thickness, bottom plate:
15 mm thickness), which are pressed together by several springs
(224N mm™'; LHL 1000D 01, Lee Spring, Germany). The springs
are oriented in a symmetric configuration, such that the electrode
stack is located in the center of force. Additionally, one piece of
2mm thick, foamed polytetrafluoroethylene (PTFE) (Garlock”,
ENPRO Industries Inc., USA) on each side of the pouch cell was
used to ensure a homogeneous pressure distribution. The compres-
sion of the springs can be adjusted via a compression screw and a
spacer. In case of LilLi cells, two springs were used, setting a cell
pressure of 3 MPa, whereas six springs were used for InLi-(/n)|InLi-
(Li) and InlInLi-(Li) cells, setting the overall cell pressure to 20 MPa.
Cells with the two latter electrode configurations are schematically
depicted in Figs. 3a & 3b for better visualization of the electrode
configurations. The lower cell pressure of 3 MPa in case of the LilLi
cell is used to avoid lithium creep.

Galvanostatic  pulsing and impedance experiments.—
Electrochemical testing was performed inside a temperature
chamber (KB53, BINDER, Germany) at 25 °C. The gold wire RE
was lithiated by applying a current of 500 nA for 6 h between the CE
(Li or InLi-(Li)) using a multi-channel potentiostat (VMP-3,
BioLogic, France); this corresponds to a total charge of 3 pAh,
which is negligible compared to the capacity of typical anode or
cathode electrodes (on the order of several mAh). Cell cycling was
performed at a current density of 0.2mA cm™> unless described
differently. Potentiostatic electrochemical impedance spectroscopy
(PEIS) in half-cell configuration (i.e., in a three-electrode config-
uration) controlled by the lithiated GWRE was performed on a
VMP-3 in a frequency range from 100 kHz—50 mHz recording 8 data
points per decade using a potential amplitude of £10 mV. Full-cell
impedance spectra (i.e., in a two-electrode configuration) in a
frequency range from 7 MHz-50 mHz were recorded on a VSP-
300 or VMP-300 multi-channel potentiostat (BioLogic, France).
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During OCV rest phases for one or four weeks, one data point every
20 min was taken. Data were treated using the software EC-Lab (V.
11.43).

Cross-section polishing.—Cross-sections were prepared by
argon ion beam polishing, using a cross-section polisher of the
type IB-19530CP (JEOL, Japan). A ~5 x S5mm piece of the
separator sheetlAu wirelseparator sheet sandwich was cut out, fixed
with adhesive copper tape (PPI Adhesive Products, Ireland) in the
sample holder, and then inertly transferred into the device using an
inert transfer shuttle (LB-11620TVCA, JEOL Japan) under argon
atmosphere. The sample was polished at —80 °C first for 4 h at 6 kV
acceleration voltage, followed by a second step for 2 h at 4 kV.

Scanning Electron Microscopy (SEM).—The scanning electron
microscopy (SEM) images were acquired using a JSM-IT200
InTouchScope™ (JEOL) field emission SEM at 15kV with a
multi-segment secondary electron detector. The samples were
prepared inside an argon-filled glovebox and transferred under inert
atmosphere to the SEM device. While the mounting of the sample in
the SEM chamber was done under ambient atmosphere, the exposure
time of the LPSCI/HNBR separator to ambient lab atmosphere was
< 30s, so that the degradation of the sulfidic solid electrolyte was
minimal. The cross-sectional SEM image of the ion-milled separator
is shown in Fig. 1d.

Results and Discussion

GWRE potential stability & validation of its suitability for
impedance measurements.—As a first step, the lithiation of the gold
wire and its potential after lithiation were investigated using a
symmetric LilLi cell, where one electrode will further on be denoted
as WE and the other electrode as CE. The gold wire was lithiated
using a current of 500 nA for 6 h between the Li CE and the GWRE.
This adapted lithiation procedure based on Solchenbach et al.
accounts for the ~40 fold higher surface area of the gold wire in
contact with the electrolyte when used for ASSB cells, where the
insulation is removed over a wire length of ~0.5 mm."" For liquid
electrolyte-based LIBs, the wire is cut exposing a very small surface
area of ~2 x 107 mm? as only the cross-section of the gold wire is
in contact with the electrolyte. Trying this in our configuration did
not provide good contact, therefore we cylindrically deisolated the
wire at a length of ~0.5 mm, which offers a much higher contactable
area of ~0.08 mm?. Therefore, we adapted the lithiation procedure
accordingly. However, most of the wire is still insulated. The light
blue curve in Fig. 2a displays the potential of the GWRE versus the
Li CE during the lithiation step (between 0 — 6h). Initially, the
potential drops to —0.8 V and then stays constant at roughly —5 mV
during the lithiation step. The initial potential drop can be associated
to the reduction of surface oxides and/or the nucleation of the
lithium-gold-phase.®”*® During the OCV step after the 6 h lithiation,
the potential first stays constant at ~0.25 V for roughly 30 min (hour
6.0-6.5 in Fig. 2a), followed by a gradual relaxation to ~0.31 V vs
Li*/Li. The first plateau at lower potentials can be attributed to a
higher lithiated LiyAu, phase with x~1.3, which is formed due to the
relatively fast lithiation of the Au wire. With the gradual radial
diffusion of the lithium into the core of the gold wire, a homo-
geneous lithium-gold alloy phase is established, with an OCV of
~0.31V vs Li*/Li that is characteristic for Li,Au alloys with 0 < x
< 1.2 and that is also in agreement with the reported lithiated GWRE
potential in liquid electrolyte cells.'"*® Figure 2b shows the
potentials of the lithium working and CE recorded via the lithiated
GWRE. Note that the values are displayed as measured, meaning via
the lithiated GWRE, which has a potential of 0.31 V vs Li*/Li. Both
lithium electrodes show the expected potential of —0.31V vs the
lithiated GWRE, which is stable over the course of 2h and thus
proves that the lithiated GWRE is suitable for half-cell potential
measurement; its longer-term stability will be examined more in
detail later.
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Figure 2. (a) Potential of the gold wire vs the Li counter electrode (CE) in a
LilLi cell (3 MPa cell pressure) during lithiation for 6 h at a current of
500 nA via the Li CE, followed by a 10 h OCV period (light blue line) as
well as the corresponding current profile (dashed black line). The gray
dashed lines are a guide-to-the-eye. (b) Potentials of the Li CE (orange) and
the Li WE (blue) recorded via the lithiated GWRE; the corresponding LilLi
cell potential is drawn in green. c) Nyquist plot of the individual electrode
impedances of the Li WE (blue) and the Li CE (orange) recorded at OCV
using the GWRE (lithiated via the Li CE), in a frequency range from
200 kHz-50 mHz with a 10 mV AC perturbation; the green dashed line
represents the resulting sum of WE and CE impedances. The cell impedance
(pink line) recorded between the Li WE and the Li CE from 1 MHz to 50
mHz at 10 mV AC perturbation. The apex frequencies of the three semi-
circles in the electrode and cell impedances are indicated by the circles at
131 kHz, the triangles at 712 Hz, and the diamonds at 0.5 Hz.

In order to evaluate whether the GWRE is a suitable tool to
investigate the individual electrode impedances in a sulfidic ASSB
cell, we measured the individual electrode and the cell impedances at
OCV for a symmetric LilLi cell with a lithiated GWRE. As
displayed in Fig. 2c, the Nyquist plots of the impedances of both
the Li WE (blue) and the Li CE (orange) recorded via the lithiated
GWRE feature three semi-circles, two smaller ones at high and low
frequency and a dominant one in a mid-frequency range; the same
can be observed for the cell impedance (purple; recorded without the
using the GWRE, which can be acquired to frequencies up to 1 MHz
without artifacts'!). The semi-circles at high frequencies (fipex =
131 kHz, marked by black dots) can be ascribed to the separator
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resistance.”® The latter can be more clearly seen in the cell
impedance (pur}zjle line; see inset), indicating a separator resistance
of ~960 2 cm~; considering the separator thickness of ~760 pum
(note that a ~2-fold thicker separator was used for the LilLi cell
compared to that shown in Fig. 1d), leads to a separator conductivity
of ~0.08 mS cm™", which is in good agreement with our previous
data for a separator porosity of ~15% and a stack pressure of
3 MPa.*® The resistance contributions of the separator to the Li WE
and the Li CE are 464 Q cm? and 492 Q cm?, respectively, indicating
that the GWRE is located midway between the two electrodes,
which is an important prereczluisite for artifact-free impedance
measurements using a ll,/L—RE.z 39

For the individual electrode impedances, the large semi-circle at
mid-frequencies (23 kHz—4 Hz; f,p.x = 712 Hz, marked by the black
triangles) can be assigned to the interface resistance of the separator
and the Li metal electrodes, which includes the SEI formed on the
lithium metal and the physical contact between lithium and the
separator, whereas the low-frequency semi-circles (4 Hz-50 mHz;
Japex = 0.5 Hz, marked bgf black diamonds) represent the charge-
transfer resistance.*'®*°* Note that the mid-frequency semi-circle
of the Li CE, which was used to lithiate the GWRE, is significantly
smaller than that of the Li WE. A similar behavior was observed for
the use of the GWRE in liquid-electrolyte cells, where it was
hypothesized that the stripping of lithium from the lithium electrode
used for lithiation of the GWRE would cause a roughening of the Li
surface, meaning a higher surface area and hence a smaller
impedance.'' Additionally, a slight unintentional misalignment of
WE and CE during assembly is reported to cause a relative shift in
the quantitative scaling factors of the individual electrode impedance
responses, which cannot be excluded with certainty, as the cell was
assembled by hand without the use of a template.”**° However,
since the separator contributions are more or less equal, the rough-
ening is expected to be the dominant reason for the difference.
Comparing the sum of the Li WE and the Li CE impedances (green
dashed line) with the cell impedance recorded without the use of the
GWRE up to 1 MHz, no significant difference can be discerned.
Thus, we believe that the GWRE is a suitable tool for impedance
measurements of individual electrodes.

Experimental design to evaluate the properties of InLi-(In) vs
InLi-(Li) electrodes.—The focus of the following section is to
systematically elaborate the differences between the InLi-(/n) and
the InLi-(Li) configuration for the here prepared indium-lithium
electrodes (Figs. 1a—1c). By means of potential measurements, PEIS,
and galvanostatic pulsing experiments, both electrode configurations
are examined in order to determine whether their Li reservoir is
electrochemically accessible and can be used to lithiate another
electrode or to provide an additional lithium inventory, as one would
expect for a proper indium-lithium CE. For comparison, the same
tests are performed with a pure indium electrode in combination with
an InLi-(Li) electrode. Therefore, we designed a sequence of
consecutive experiments (listed in Fig. 3c) and conducted them
with InLi-(/n)lInLi-(Li) (WEICE; see Fig. 3a) and InlInLi-(Li) (WEI
CE; see Fig. 3b) cells, each featuring a GWRE. The experiments
were performed with three cells of each type; as each cell type
yielded identical results, only one representative data set is shown
for each cell type.

Directly after cell assembly, the cells were held at OCV for 6
days (step 1 in Fig. 3c), monitoring the OCV of the cell in order to
understand whether the potential of the as-assembled electrodes
changes over time under the compressive force in the cell
(~20 MPa). The duration of step 1 was chosen to be several days,
as it takes at least 8 h before potentials can be recorded via the
GWRE (based on the 6 h lithiation procedure and the ~2 h required
to reach a stable potential, see Fig. 2a); note that the time from cell
assembly and mounting into the cell holder to starting the OCV
monitoring did not exceed 1h. Subsequently, the GWRE was
lithiated via the CE (step 2) as described above. Afterwards, PEIS
measurements were performed to acquire the impedance of the WE

and of the CE using the GWRE as well as the cell impedance (step
3). This was followed by holding the cells at OCV for 4 weeks (step
4), monitoring the WE and CE potentials via the lithiated GWRE,
followed by another PEIS measurement (step 5). Steps 3-5 serve to
track any changes of the indium-lithium electrodes, which could be
caused by lithium diffusion within the indium-lithium electrodes.

Following these initial experiments where the WE and CE
electrode were always at OCV (except for the small currents applied
to the InLi-(Li) CE to lithiate the GWRE), a series of lithiation and
delithiation steps of the WE (either InLi-(/n) or In, see Figs. 3a or
3b, respectively) were conducted. First, a delithiation current of
0.2 mA cm ™2 was applied to the WE for 15 min or until its potential
would rise to 2.0-2.2'V vs Li*/Li (step 6): in case of the InLi-(In)
WE (see Fig. 3a), this is meant to determine whether the lithium
applied at the backside of the InLi-(/n) WE during fabrication (see
Figs. la and 1c) can diffuse through the electrode towards the
interface to the separator; in case of an indium WE (see Fig. 3b), no
current is expected. Subsequently, the current was reversed (step 7)
and the WE was lithiated at 0.2 mA cm™ via the InLi-(Li) CE for
15 min. This was followed by another delithiation of the WE at
0.2 mA cm™, but this time for a twice as long delithiation time of
30 min or until the WE potential would rise to 2.0-2.2 V vs Li"/Li
(step 9): in case of the InLi-(/n) WE, the twice as long delithiation
time compared to the lithiation time in step 7 was chosen to
investigate whether only the charge that was put into the InLi-(/n)
WE during step 7 can be removed or whether more charge can be
retrieved, namely from the nominally very large Li reservoir of the
indium-lithium electrode (~14 mAh cm 2, see experimental sec-
tion); in case of the In WE, the delithiation time before the potential
cut-off is reached is expected to be <15 min (depending on the
coulombic efficiency).

Several PEIS measurements (steps 8 and 10) were performed
between the lithiation and delithiation steps, as changes in the low-
frequency region of the impedance response of the electrodes upon
lithiation and delithiation are expected.'® Lastly, the WE was
lithiated at 0.2 mA cm ™2 for 15 h from the InLi-(Li) CE (step 11),
demonstrating that an InLi-(Li) electrode is capable to provide a
lithiation charge of at least 3.0 mAh cm 2, which is a typical
capacity for an NCM-based cathode; this shows that an InLi-(Li)
electrode has a sufficiently large and accessible lithium inventory to
serve as a CE in a true half-cell configuration, i.e., that it can
compensate cyclable lithium losses of cathode or anode electrodes
that are being investigated (analogous to a lithium CE in half-cells
with liquid electrolyte).

OCYV and accessible lithium inventory of InLi-(In) vs InLi-(Li)
electrodes.—The initial OCV monitoring in the beginning of the test
sequence (step 1) shows a cell voltage of E.; ~0.35 V for the InLi-
(In)lInLi-(Li) cell (see Fig. 4a, light green), which relaxes to
~20 mV after one day and levels out at ~8 mV after 3 days. This
indicates that both electrodes basically have the same potential after
several days, which might reflect the time required for lithium
diffusion across the indium segment of the InLi-(/n) WE or the time
to build a stable SEI on both electrodes. A similarly long OCV
transient can be observed for the InlInLi-(Li) cell (see Fig. 4b, light
green), with an initial cell potential of E .; ~1.20 V that rises within
one day to ~1.40V and after six days features a value of 1.45V.
Assuming no chemical change in the indium WE, the change in cell
voltage would have to be attributed to the InLi-(/n) CE, which then
would suggest that it takes roughly one day to fully establish its
equilibrium potential.

For the lithiation of the RE (step 2) and the impedance
measurements (step 3), the potential monitoring had to be inter-
rupted for roughly 10 h, indicated by the gray box. Potential curves
for the lithiation of the RE (step 2) are not discussed in further detail,
as they are similar to that in Fig. 2a, (for the interested reader they
are shown in Figure A-1 in the Appendix). The impedance spectra in
step 3 will be discussed later in the context of Fig. 5. After the
GWRE lithiation, the potential monitoring was continued via the
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Figure 3. Schematic illustration of the two cell setups used for evaluating InLi electrodes: (a) InLi-(/n) WE (see Fig. 1c) paired with an InLi-(Li) CE (see
Fig. 1b); (b) In WE paired with an InLi-(Li) CE. Both cell setups use an LPSCI/HNBR-separator and a GWRE. The electrodes are 20 x 20 mm and the separators
are 25 x 25 mm (thickness ~ 400 um). (c) Experimental design to evaluate the properties of In, InLi-(/n) and InLi-(Li) electrodes in the InLi-(/n)lInLi-(Li) and
InlInLi-(Li) cell configurations shown in a) and b): (1) 6 days of cell OCV monitoring; (2) GWRE lithiation via the InLi-(Li) CE at 500 nA for 6 h; (3) PEIS
measurements of the cell impedance (7 MHz-50 mHz, 10 mV AC perturbation) and of the WE and CE impedance using the GWRE (100 kHz-50 mHz, 10 mV
AC perturbation); (4) WE and CE OCV monitoring via the lithiated GWRE over 4 weeks; (5) repeated PEIS measurements of cell as well as of WE and CE
impedances; (6) galvanostatic delithiation (GP-) of the WE (InLi-(/n) or In) at 0.2 mA cm ™2 for 15 min or until a WE cut-off potential of 2.0-2.2 V vs Li*/Li is
reached; (7) galvanostatic lithiation (GP+) of the WE at 0.2 mA cm 2 from the InLi-(Li) CE for 15 min; (8) repeated PEIS measurements of WE and CE
impedances; (9) galvanostatic delithiation (GP-) of the WE at 0.2 mA cm ™2 for 30 min or until a WE cut-off potential of 2.0-2.2 V; (10) repeated PEIS
measurements of WE and CE impedances; (11) galvanostatic lithiation (GP-+) of the WE at 0.2 mA cm ™2 from the InLi-(Li) CE for 15 h. Tests were performed
with three cells of each type, of which only one data set per cell type is exemplarily shown. For the ease of following the experiments, the numbering and color-
coding of the individual steps will be kept throughout the following figures; also, the icons for each cell type will be used in each figure to better illustrate to

which cell type the data refer to.

lithiated RE over 4 weeks (step 4), showing that both the InLi-(/n)
WE (blue) and the InLi-(Li) CE (orange) potentials in the InLi-(In)l
InLi-(Li) cell (Fig. 4a) are at 0.62 V vs Li*/Li (calculated based on a
GWRE potential of +0.31 V vs Li*/Li), as reported for an indium-
lithium electrode with <50 at-% Li.*"?® In the InlInLi-(Li) cell (see
Fig. 4b), the potential of the InLi-(Li) CE also is at 0.62 V vs Li*/Li
(orange), whereas the potential of the pure In WE is at ~2.1V vs
Li*/Li (blue). Over the course of 28 days, all potentials shift less
than 3 mV, demonstrating that the lithiated GWRE is a suitable tool
for potential monitoring, even for long-term cycling experiments. In
summary, both configurations of the indium-lithium electrode yield
a stable and well-defined reference potential of 0.62 V vs Li*/Li.
The cell impedance of the InLi-(/n)lInLi-(Li) cell in Fig. 5a (pink
line), which is recorded up to 7 MHz without the use of the RE, has
three distinct features, namely a large semi-circle at high frequen-
cies, followed by a smaller semi-circle at mid frequencies and a low-
frequency tail, which partially overlaps with the mid-frequency
region. The impedance to 7 MHz is performed in order to fully
resolve the high-frequency feature, which represents the separator
resistance®>*® and amounts to ~490 Q cm? (this is consistent with
the ~960 Q cm?® observed in Fig. 2c for the cell with the ~2-fold

thicker separator). The individual electrode impedances obtained
with the lithiated GWRE are only possible up to ~100kHz (the
practical upper frequency limit when using the GWRE'") and are
shown for the InLi-(/n) WE (blue) and the InLi-(Li) CE (orange);
their vector sum is depicted by the dashed green line and overlaps
nicely with the cell impedance (pink line), showing that the high-
frequency semi-circle can be sufficiently well resolved even up to
only 100 kHz, so that changes in the separator resistance or possible
overlapping with the mid-frequency feature can be accounted for.
Therefore, in the further analysis we have not included the cell
impedance up to 7 MHz in each step.

By evaluating the cell impedance of the InLi-(/n)lInLi-(Li), our
first assumption was that both electrodes would have qualitatively
similar impedances, since their potentials are equal at the end of step
1 (see Fig. 4a). At first glance, the mid- and low-frequency features
could be easily interpreted as a small charge-transfer resistance (InLi
alloy at the separator interface) followed by diffusion tail (lithium
diffusion in the InLi alloy), as this shape is typical for lithium ion
battery materials.** However, this interpretation of the cell impe-
dance is incorrect, as the electrode-resolved impedances (via the
GWRE) reveal that indeed the InLi-(/n) WE and the InLi-(Li) CE do
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Figure 4. Potential monitoring following the steps outlined in Fig. 3c
(marked here in the squares) for the cells with GWRE shown in Figs. 3a and
3b: (a) InLi-(In)lInLi-(Li) (WEICE); b) InlInLi-(Li) (WEICE). Step 1(s1): cell
OCV for 6 days prior to lithiation of the GWRE (light green). Steps 2&3:
lithiation of the WEs via the InLi-(Li) CEs and PEIS measurements
(indicated by the gray boxes). Step 4 (s4): WE (blue) and CE (orange)
potentials measured via the lithiated GWRE over 4 weeks and plotted vs
Li*/Li (right-hand axes, calculated based on a GWRE potential of +0.31 V
vs Li*/Li); the cell potential, i.e., the sum of WE and CE potentials is plotted
in green. The spikes in the WE and CE potentials resulted from an accidental
touching of the cables. Note that the time between cell assembly and start of
the potential monitoring in step 1 is <1h. Step 5: PEIS measurements
(indicated by the gray box on the right) at the end of these potential
monitoring experiments.
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Figure 5. Nyquist plots of the initial PEIS measurements (step 3 in Fig. 3c)
for the cells with GWRE shown in Figs. 3a and 3b: (a) InLi-(In)lInLi-(Li)
(WEICE); (b) InlInLi-(Li) (WEICE). The impedances of the WEs and of the
InLi-(Li) CEs (orange) were recorded via the lithiated GWRE (100 kHz-50
mHz with 10 mV AC potential perturbation), and the green dashed line
represents their vector sum. The cell impedance spectra (pink) were recorded
without the use of the GWRE (7 MHz-50 mHz, 10 mV AC perturbation)
The cell and the WE impedances are depicted until 5 Hz.

not have the same impedance response, underlining the importance
of electrode-resolved impedance spectroscopy. Looking at the
impedance of the InLi-(/n) WE (blue), it can be clearly seen that
this electrode determines the shape and the magnitude of the cell
impedance at low frequencies, whereas, the InLi-(Li) electrode

(orange) features an additional semi-circle at low frequencies and
has a substantially lower impedance. The individual contributions to
the impedance response of the InLi-(/n) and the InLi-(Li) electrodes
will be discussed in more detail in the context of Fig. 7. For now, it
should only be mentioned that the low-frequency semi-circle of the
InLi-(Li) CE electrode (orange) represents the charge-transfer
reaction, indicating an electrochemically accessible Li reservoir at
the interface of the InLi-(Li) electrode and the separator, while the
Warburg-like behavior of the InLi-(/n) WE electrode (blue) suggests
that there is no charge-transfer reaction taking place, as will be
confirmed in the following galvanostatic pulse experiments. In fact,
the InLi-(/n) impedance is very similar to that of an indium
electrode, as shown in Fig. 5b (blue). Note that the half-cell spectra
of the InLi-(Li) CE electrodes have low-frequency artifacts (i.e., an
inductive loop), which are caused by the fact that the difference of
WE and CE impedance becomes very large at low-frequency, as
described in the literature.>**> Another possibility for the inductive
contribution might be ongoing side reactions which cannot be
excluded. However, the qualitative comparison of WE and CE
impedances is not affected by this.

To quantify the ability of the InLi-(/n) WE to provide lithium to
the cell, a first galvanostatic delithiation current of 0.2 mA cm™2 was
applied for 15 min (step 6, see Fig. 6a), which would amount to a
delithiation charge of 50 pAh cm™2 (rather negligible compared to
its theoretical delithiation capacity of ~14 mAh cm~?). However,
the potential of the InLi-(/n) reached the set cut-off potential of
2.0V vs Li*/Li already after only 9s (blue line, Fig. 6a) con-
comitant with the passage of only 0.39 + 0.21 pAh cm™~ (mean and
standard deviation of all three InLi-(/n)lInLi-(Li) cells). Thus,
the Warburg-like behavior of the InLi-(/n) electrode in Fig. 5Sa
indeed reflects the inability of this electrode to provide a significant
delithiation current. For the pure indium electrode, shown in Fig. 6b,
the cut-off potential of 2.2 V vs Li*/Li is reached after 3 s (blue line)
and the passed charge is also only 0.32 + 0.23 zAh cm™2. The tiny
amount of passed charge can result from small lithium impurities on
the respective WE electrode introduced during cell assembly or from
simple capacitive currents (i.e., double-layer charging); in the case
of the InLi-(In) electrode, it could also come from the prior
formation of a indium-lithium solid solution with a very low lithium
content (suggested to be ~1.0-1.5 at-% >>°%). Note that for the
In electrode, a cut-off potential of 2.2 V vs Li*/Li was chosen, as the
OCP of the indium WE already exceeds 2.0V vs Li*/Li; due to
the steep increase of the WE potential during experiment, the
difference between the two cut-off criteria of 2.0 or 2.2V is
negligible. Finally, for the InLi-(Li) CEs (orange), the maximum
deviation of their potential during the 0.2 mA cm ™ step is ~0.1 V,
which corresponds to the overpotential for lithium alloying into the
InLi-(Li) CE.

In the subsequent OCV phase, the electrode potentials relax to their
previous values of 0.62V and 2.1V vs Li*/Li for InLi-(In) and In,
respectively. In step 7, the current was reversed and the WEs were
lithiated from the InLi-(Li) CEs for 15 min at 0.2 mA cm™ 2. The InLi-
(Li) CE is easily capable to provide this current, as can be seen by a
constant delithiation overpotential of the CEs of ~0.16 V (orange lines)
for each cell type. In total, a lithiation charge of 50.0 uAh cm™? was
applied to the WEs. Upon lithiation, the potentials of both the InLi-(In)
WE (blue, Fig. 6a) and the In WE (blue, Fig. 6b) exhibit an initial peak-
like drop, which can be interpreted as a nucleation potential, and then
plateau at an overpotential of ~0.08 V. In the subsequent OCV phase,
the potentials of all electrodes relax to the equilibrium potential of the
In/In, Li; two-phase region of 0.62 V vs Li'/Li (indicated by the gray
line). The PEIS measurements in step 8 that will be discussed in the
context of Fig. 7 show that the impedances of the InLi-(/n) and the In
WEs are now qualitatively similar to that of the InLi-(Li) CE, indicating
the presence of an indium-lithium alloy phase with a low charge-
transfer resistance at the interface to the separator.

In step 9, the current pulse was reversed, i.e., a delithiation
current of 0.2 mA cm ™2 was applied to the WEs in order to extract
the previously added lithiation charge from the WEs and, moreover,
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Figure 6. WE (blue) and CE (orange) potentials during galvanostatic (de)
lithiation pulses (steps 6, 7, and 9 in Fig. 3¢, marked in the squares) for the
cells with GWRE shown in Figs. 3a and 3b: (a) InLi-(/n)IInLi-(Li) (WEICE);
b) InlnLi-(Li) (WEICE). Step 6: applying a delithiation current of
0.2mA cm 2 to the WE for 15 min or until a WE cut-off potential of
2.0 V vs Li*/Li for (a) or 2.2 V vs Li*/Li for (b). Step 7: applying a lithiation
current of 0.2 mA cm™> to the WE for 15 min. Step 8: PEIS measurements
(shown in Fig. 7), with a 30 min. OCV before and a 10 min. OCV
afterwards. Step 9: repeated application of a delithiation current of
0.2 mA cm ™2 to the WE, but this time for 30 min, with the same WE cut-
off potentials as in step 6. Step 10: PEIS measurements (shown in Fig. 7),
with the same OCV periods as in step 8. The gray lines at 0.62 V vs Li*/Li
mark the OCV of the In/In;Li; two-phase region and serve as a guide-to-the-
eye. Note that at the time of 0 h in this figure, the cell had been assembled for
~35 days (i.e., 0 h here corresponds to ~35 days in Fig. 4).

to probe if additional charge can be extracted from the nominally
large lithium reservoir of the InLi-(/n) WE, since the delithiation
time is pulse is applied for 30 min. In fact, as shown in Fig. 6a, the
cut-off potential of the InLi-(/n) WE was reached after 14.7 +
0.25 min (based on three cells), resulting in an extracted charge of 49
+ 0.8 pAh cm™ This equates to a coulombic efficiency of 98 +
1.6% for the initial lithiation and delithiation of the InLi-(/n)
electrode. Since no additional charge can be extracted from the
InLi-(In), we have to conclude that its nominally very large lithium
reservoir is electrochemically not accessible at the separator inter-
face, i.e., that the lithium concentration at this interface must have
remained very low (or zero). However, the OCP of the InLi-(/n) WE
relaxed to the OCV that is characteristic of the In/In;Li; two-phase
region. In case of the InllnLi-(Li) cells (Fig. 6b), the delithiation of
the indium WE in step 9 reached the cut-off potential after 11.5 +
3.0 min (based on three cells), with an extracted charge of 38 + 0.8
pAh cm ™2, equating to a coulombic efficiency of only 76 + 20%. An
explanation for the higher coulombic efficiency of the InLi-(/n)
compared to the In WE might be an already established SEI for the
InLi-(In) WE that had been at a potential of 0.62V vs Li*/Li for
over 30 days where the LPSCI electrolyte is not stable.*® In contrast,
at the potential of the indium electrode (~2.1V vs Li*/Li, see
Fig. 4b), LPSCl is stable*” and thus, only upon its first lithiation in
step 7 the LPSCI electrolyte decomposition can take place, leading
to the here observed lower coulombic efficiency of the indium WE.

Interestingly, the initial nucleation overpotential peak observed
for each of the WEs in step 7 (blue) was not observed for the InLi-
(Li) CEs (orange) during their lithiation in step 9, which we ascribe
to the fact that an InLi alloy that does not show any nucleation
overpotential is already present at the CE/LPSCI interface.
Furthermore, it is striking that the OCP of the In WE at the end of
step 9 remains at ~1 V vs Li*/Li. Since it is known from the indium-
lithium phase diagram that at most ~1 at% Li is required to establish
the In/In;Li, potential of 0.62 V vs Li™/Li,%”*® this suggests that the
indium can be delithiated essentially completely. In turn, this implies
that in an NCMIIn cell, the potential of the indium CE cannot be
assumed to stay invariant at 0.62V vs Li*/Li towards the end of
discharge (i.e., upon relithiation of the NCM), as this would depend
on the overall loss of cyclable lithium (depending on the balance of
lithium loss to SEI formation and the first-cycle irreversible capacity
loss of the NCM).

PEIS measurements recorded in steps 5, 8, and 10 (see Fig. 3c)
are displayed in Fig. 7. Starting with the PEIS data taken in step 5, a
comparison of the upper panels of Fig. 7 with Fig. 5 shows that the
shape of the WE, CE, and cell impedance spectra does not change
significantly over the course of the OCV hold period of 28 days.
Whereas the InLi-(Li) impedance response (orange) has two distinct
semi-circles (neglecting the separator contribution at high frequen-
cies), InLi-(In) has a prominent low-frequency Warburg-like tail and
one mid-frequency semi-circle (blue), which however cannot be
clearly seen, due to a partial overlap with the low-frequency tail
(Fig. 7a). In case of an indium WE (blue, Fig. 7d), the low-frequency
tail has a steeper angle, so that the mid-frequency semi-circle can be
better resolved.

Upon lithiation of the WEs in step 7 (middle panels in Fig. 7), the
low-frequency tail of InLi-(/n) WE disappears and instead a semi-
circle can be observed (blue, Fig. 7b). At the same time, the low-
frequency artifacts in the InLi-(Li) CE spectrum (orange) vanish, as
the magnitude of WE and CE impedances are similar, which now
permits a detailed description of the InLi-(Li) impedance: the mid-
frequency region (23 kHz-30 Hz; f,,cx = 720 Hz, triangle) can be
ascribed to the interface resistance of electrode and separator, i.e., to
a combination of the physical contact resistance and the SEI
resistance; the low-frequency semi-circle (30 Hz-50 mHz; f,,ex =
1Hz, diamond) is thought to represent the charge-transfer
resistance.'®* It is striking that both interface and charge-transfer
resistance for the InLi-(Li) CE are significantly higher compared to
that of the InLi-(/n) WE. Similar to the case in Fig. 2c, an
unintentional misalignment of the electrodes leading to different
scaling factors cannot be excluded.”**° Another possible reason
might be a difference in the SEI contribution to the interface
resistance, as in case of the InLi-(Li) electrode more chemical
degradation of the solid electrolyte is expected, as the InLi alloy
indeed is in contact with the SE, which is not the case for the InLi-
(In) electrode except for short times during which it was galvanos-
tatically lithiated (i.e., in step 7). The lithiation over]gotential in step
7 for the InLi-(/n) WE is ~75mV at 0.2 mA cm™~ (see Fig. 6a),
which corresponds to an electrode resistance of ~375  cm? and is
in good agreement with the low-frequency resistance found by the
impedance measurement (~365 (2 cm?, Fig. 7b). The same is true
for the InLi-(Li) CE, featuring a delithiation overpotential of
~150mV at 0.2 mA cm™2 (see Figs. 6a or 6b), i.e., ~750 Q cm?
in comparison to the impedance based low-frequency resistance of
~800 Q cm? (Figs. 7b or 7). This suggests that the SEI resistance of
both electrodes indeed is different and that the impedance measure-
ments yield reliable values. The higher charge-transfer resistance of
the InLi-(Li) CE compared to the InLi-(/n) WE (~320 cm? vs ~90
Q cm?) might be explained by a depleted lithium concentration at the
separator interface of the InLi-(Li) CE after a partial delithiation,
which in turn would imply that the 30 min. OCV hold prior to the
PEIS measurement was not long enough for the bulk InLi to
compensate for the depleted lithium at the interface. Such a
depletion of lithium at the interface of an indium-lithium electrode
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Figure 7. Nyquist plots of an InLi-(/n)InLi-(Li) (a), (b), (c) and of an InlInLi-(Li) (d), (e), (f) cell recorded at steps 5, 8, and 10 of the experimental procedure
(see Fig. 3c, marked in the squares). The WE (blue) and CE (orange) impedance spectra were recorded via the lithiated GWRE (100 kHz-50 mHz with a 10 mV
AC perturbation), whereby their vector sum is plotted in green. In step 5, the cell impedance was also measured directly without using the GWRE (pink;
7 MHz-50 mHz with a 10 mV AC perturbation). Points at specific frequencies are marked: circles at 120 kHz (only for cell impedances), triangles at 720 Hz, and
diamonds at 1 Hz. Step 5, upper panels: impedance spectra (shown until 20 Hz) after 4 weeks of OCP monitoring (step 4) for the InLi-(/n)IInLi-(Li) (a) and the
InlInLi-(Li) (d) cell. Step 8, middle panels: impedance spectra after lithiation of the WEs (step 7) for the InLi-(/n)IInLi-(Li) (b) and the InlInLi-(Li) (e) cell. Step
10, bottom panels: impedance spectra (shown until 20 Hz) of the InLi-(/n)lInLi-(Li) (c) and the InlInLi-(Li) (f) cell after delithiation of the WEs (step 9).

to the separator after electrochemical delithiation was experimen-
tally observed by Nam et al."

After delithiation of the InLi-(/n) WE in step 9, the semi-circle
for the charge-transfer reaction has evolved to the low-frequency tail
(Fig. 7¢), which indicates the lack of electrochemically accessible Li
at the separator interface, as already suggested by the galvanostatic
pulsing tests. In case of the In WE, the same observations are made
(blue lines in Figs. 7d—7e), showing that the impedances of the InLi-
(In) and the In WEs are very similar under all conditions and clearly
distinct from that of the InLi-(Li) CE.

In summary, the impedance experiments are consistent with the
galvanostatic delithiation experiments (Fig. 6a) that showed that no
cyclable lithium is present at the interface between InLi-(/n) and the
separator to sustain a current of 0.2 mA cm™ 2, even after one month
of OCV hold that should be long enough to allow for Li diffusion.
This reflects the behavior of the In electrode, which cannot provide
cyclable lithium and has the same impedance features. Only when
the InLi-(/n) and the In electrodes are being lithiated, their general
impedance features are similar to those of the InLi-(Li) electrodes.

Finally, in step 11, the InLi-(Li) CEs of the InLi-(/n)InLi-(Li) and
the InlInLi-(Li) cell are delithiated for 15h at 0.2 mA cm > (Fig. 8),
providing a total charge of 3.0 mAh cm™2. This corresponds to the full
capacity of a typical cathode electrode that would be used in studies
with laboratory-scale cells. Thus, the InLi-(Li) configuration is a suitable
CE for experiments, in which the CE is meant to compensate for
cyclable lithium losses of cathode or anode electrodes under investiga-
tion (analogous to a lithium CE in half-cells with liquid electrolyte). The
lithiation overpotentials of InLi-(/n) (Fig. 8a) and In (Fig. 8b) are very
similar. After lithiation, the In WE has an OCP of 0.62 V vs Li*/Li, as

expected for the In/In;Li; two-phase region. It should be noted that the
here observed lithiation and delithiation overpotentials at 0.2 mA cm™>
are relatively high. For example, the delithiation overpotential of the
InLi-(Li) CE is ~150 mV, which equates to an areal resistance of ~750
Q cm?, which is in good agreement with the impedance based low-
frequency resistance in step 8 (see Fig. 7b). We believe that such high
resistances are due to the low fabrication (~70 MPa) and the low
applied stack pressure (~20 MPa). Increasing both fabrication and stack
pressure is reported to decrease the lithiation and delithiation over-
potentials, consistent with the study by lkezawa et al., who for a 3-fold
higher fabrication pressure report a delithiation overpotential at
0.37mA cm 2 (corresponding to their C/2 cycle) of only ~40 mV,

which equates to a much lower areal resistance of ~110 Q cm?.'®

Discussion of the results and their practical relevance.—The
here investigated indium-lithium electrodes, prepared by compres-
sing an indium and a lithium foil at ~70 MPa, showed different
electrochemical properties depending on which face of the electrode
was attached to the separator (see Figs. la—1c). The results of the
impedance and of the galvanostatic pulse experiments unambigu-
ously show that only the InLi-(Li) configuration of the electrode
provides a cyclable Li reservoir, while no lithium could be extracted
from the InLi-(/n) configuration, despite its nominally high capacity
(~14 mAh cm ). At the same time, the InLi-(In) electrode
nevertheless shows an OCV that corresponds to the reported redox
potential of the In/In,Li; two-phase region (Fig. 4a).”® In view of the
indium-lithium phase diagram,*>* this would be consistent with the
formation of a solid solution of ~1 at% lithium in indium (further on
referred to as In(8Li)) that is in equilibrium with a In,Li, phase: the
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Figure 8. WE (blue) and CE (orange) potentials during galvanostatic (de)
lithiation pulses (steps 6, 7, 9, and 10 in Fig. 3c, marked in the squares) for
the cells with GWRE shown in Figs. 3a and 3b: (a) InLi-(In)lInLi-(Li) (WEI
CE); (b) InlInLi-(Li) (WEICE). Steps 6, 7, and 9: these are explained in
Fig. 6. Step 11: applying a delithiation current of 0.2 mA cm ™ to the InLi-
(Li) CE for 15 h, followed by monitoring the WE and CE potentials in OCV
for 1.5 h (measured vs the GWRE and converted to the Li/Li scale based on
a GWRE potential of 0.31 V vs Li*/Li). The gray lines at 0.62 V vs Li*/Li
mark the OCV of the In/In,Li; two-phase region and serve as a guide-to-the-
eye. Note that at the time of 0 h in this figure, the cell had been assembled for
~35 days.

In(8Li) phase sandwiched between the In;Li; phase and the separator
of the InLi-(In) electrode would provide a stable OCV of 0.62 V vs
Li*/Li, but the rate at which the In(6Li) phase can provide lithium
would be very low owing to its ~50-fold lower lithium concentra-
tion compared to the In;Li; phase that is in contact with the separator
for the InLi-(Li) electrode.

Based on the average indium/lithium molar ratio of 76/24, the
above observations and consideration would imply that ~32% of the
indium would be consumed to form an In;Li; phase exposed that
would be in equilibrium with a solid solution of ~1 at% of lithium in
the remaining 68% of the indium (constituting the In(8Li) phase). The
In;Li; phase would be exposed at the face of the electrode that we
referred to as InLi-(Li), while the In(6Li) phase would be exposed at
the face of the electrode that we referred to as InLi-(/n). Based on the
OCYV transients upon cell assembly (Fig. 4a), the formation of the two-
phase In(8Li)/In;Li; composition would have to be completed after t
~ 5h (~18000 s), from which one can estimate the required diffusion
coefficient (Dy;) of lithium through the ~280 ym thick indium foil
(ignoring its slight thinning upon compression) via Dy; ~ x°/t,
equating to a minimum required diffusion coefficient of ~4.4 x
1078 em?® s™'. To the best of our knowledge, we are not aware of any
values for the diffusion coefficient of Li in In and/or In;Li; at room
temperature, so that the here estimated minimum value of the lithium
diffusion coefficient cannot be compared to literature data.

In summary, on the basis of our observations and phase diagram
based arguments, we believe that the indium-lithium electrodes
prepared by the compression of lithium and indium foils, whose
thicknesses are chosen to yield an average lithium content of <50 at
%, does not lead to a homogeneous indium-lithium phase., but will
rather result in the formation of an In,Li; phase in equilibrium with a
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Figure 9. (a) Commonly used in situ preparation of an indium-lithium
electrode of the nominal composition In;_Li, (x < 0.5; for our study: x =
0.24) by attaching a piece of lithium onto an indium foil that is already firmly
attached to the solid electrolyte (SE) separator in an ASSB test cell. Our
study suggests that the lithium will not distribute homogeneously within the
indium-lithium electrode (upper arrow) even after months under compres-
sion; instead, a defined In;Li; phase is formed at the backside of the
separator that is in equilibrium with a solid solution phase with ~1 at% Li
dissolved in indium (In(éLi)) located at the interface towards the separator.
The indium-lithium electrode features the stable In/In;Li; potential of 0.62 V
vs Li™/Li, but the Li reservoir is electrochemically not accessible (bottom
arrow). b) Ex-situ preparation of an indium-lithium electrode by stacking and
compressing indium and lithium foils; a subsequent cell assembly with the
In;Li; phase facing the separator provides both a stable reference electrode
potential and an electrochemically accessible Li reservoir.

very dilute solid solution phase of lithium in indium (~1 at% Li).
This is illustrated in Fig. 9a. While it would in principle be possible
to adjust the thickness of the metal foils such that the average lithium
content is 50 at%, this type of material would not only be too brittle
for preparing large electrodes, but would also not have a stable
reference potential upon lithiation.*®

However, stacking indium and lithium foils in the InLi-(In)
configuration is a commonly used way to prepare an indium-lithium
anode (see Fig. 92).'8283148 1y some instance, this type of electrode is
even reported in the literature to be able to deliver a delithiation
current, 831 \which is at variance with our measurements. While we do
not know the origin of this discrepancy, it might be that stacking indium
and lithium foils inside a cylinder to prepare a powder-type cell, where
no radial expansion under the applied compressive force is possible,
might lead to a Li creep between the edge of the indium foil and the
wall of the cylinder towards the separator.*’ In this case, cyclable
lithium would be available at the interface with the solid electrolyte.
Therefore, we believe that it is better to prepare the indium-lithium
electrode ex situ prior to cell assembly in order to avoid Li creep, using
the method pro osed here or other approaches reported in the
literature.*'®*33* In doing so, the lithiated side of the electrode can
be attached to the separator, which is the only reliable way to ensure an
electrochemically accessible reservoir of cyclable Li (see Fig. 9b).

Conclusions

Herein, we report a micro-reference electrode (u-RE) for
electrode-resolved impedance and potential measurements for use
in ASSB pouch cells. The p-RE consists of a 50 ym diameter gold
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wire with a 7 pm thick polyimide insulation, which is sandwiched
between two SE/binder-composite separator sheets (LPSCI/HNBR)
and activated by in-situ electrochemical lithiation.

Using the p-RE in combination with galvanostatic pulse experi-
ments and electrochemical impedance spectroscopy (EIS), we investi-
gate the electrochemical properties of an indium-lithium electrode
which is prepared by stacking and compressing In and Li foils, whose
thicknesses are such that the average molar ratio of In:Li is roughly
76:24. The main objective is to probe the availability of electrochemi-
cally accessible and thus cyclable Li at the interface towards the
separator as a function of the electrode orientation: either in the so-
called InLi-(Li) geometry, in which the originally Li-foil-side of the
electrode faces the separator, or in the so-called InLi-(In) configuration,
in which the originally In-foil-side of the electrode faces the separator
(see Figs. la—1c). Based on these experiments and phase-diagram based
considerations, the following conclusions can be drawn:

® No homogenous lithium distribution within the InLi electrode
of the nominal composition Ing;¢Lig24 could be detected after 34
days in OCV; instead, our measurements indicate two distinct
phases, i.e., an InLi phase with a 1:1 stoichiometry (In;Li;) and a
solid solution phase of ~1 at% Li dissolved in indium (In(6Li)).
Thus, the more correct description of the electrode is
(In(8Li))g.5o/(In;Li})g 24, considering the two-phase character of the
electrode and that the In,Li; phase is in equilibrium with an indium-
rich rather than a pure indium phase.

® The InLi-(/n) configuration, i.e., attaching a piece of lithium on
the backside of an indium foil (see Fig. 1c), provides a stable
reference electrode potential of 0.62V vs Li*/Li (from the
(In(8Li))g 5o/(In Li})g 24 couple), however, the large lithium reservoir
contained in the indium-lithium electrode in the InLi-(/n) config-
uration is not electrochemically accessible at practically relevant
current densities (e.g., at >0.1 mA cm ).

® For experiments that require a reservoir of cyclable lithium, it is
mandatory to use the InLi-(Li) configuration, with the In;Li; phase at
the electrochemically active interface towards the separator (see
Fig. 1b); experimentally, this configuration is best achieved by an ex
situ preparation of the indium-lithium electrode prior to cell assembly.
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Figure A-1. Potential of the GWRE versus the InLi-(Li) CE during the
lithiation of the GWREs in the two different cell types shown in Figs. 3a and
3b: (a) InLi-(/n)lInLi-(Li) (WEICE); b) InlInLi-(Li) (WEICE). The GWRE
lithiation (step 2 in Fig. 3c) was done via the InLi-(Li) CE at a current of
500 nA over 6 h, followed by 2 h OCV for potential relaxation.
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Results

3.2 Characterization of Lithium Phosphides — A
Novel Class of Solid Lithium-lon Conductors

3.2.1 Conductivity Determination of Lithium
Phosphidosilicates with a High-Pressure Cell Setup

This section presents the article “Fast lonic Conductivity in the Most Lithium-Rich
Phosphidosilicate Li14SiPs”, which was submitted in May 2019 and published in August
2019 in the peer-reviewed Journal of the American Chemical Society.!?® The permanent

web link is available under: https://pubs.acs.org/doi/abs/10.1021/jacs.9b05301, where

also the supporting information can be found.

The strive for new lithium ion conducting materials led to a reinvestigation of the
ternary Li-Si-P system, revealing the existence of various lithium phosphidosilicates,
such as LiSyP3,'8! LizSiP,,'%? Li3SizP7,'®* LisSiP4!®? or LiioSizPe.!®* The basic building
block of the lithium phosphidosilicates are isolated and/or interconnected SiP4-units,
forming various three dimensional structure motifs, with mobile lithium present in
tetrahedral and/or octahedral voids. Since the ionic conductivity is directly proportional
to the number of charge carriers (see Equation (2.10)), i.e., in this case the mobile Li
atoms, attempts were made to increase the amount of lithium by adding “Li3P” units to
the known lithium phosphidosilicates. Ultimately, this led to the most lithium-rich

phosphidosilicate Li;4SiPs (see figure 1.5 in the PhD thesis of Stefan Strangmiiller!®%).

In this study, the synthesis, structural characterization and determination of the Li-
ion mobility in the compound Li14SiPs is described. The article results from a cooperation
between different groups. Our contribution is the design and validation of the
measurement cell (viz., the screw cell) for impedance experiments as well as the
experimental determination of the ionic conductivity and activation energy for lithium
ion conduction. Therefore, in the following, the focus will be on our contribution of the
work. For more details regarding synthesis and structural characterization by means of
XRD and PND (powder neutron diffraction), the reader is referred to the PhD thesis of

the first author.'3*
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Results

The measurement cell (see Figure S12 of the publication!?¢) consists of a PEEK cylinder
to host the sample, which is contacted by a stainless steel die on each side. Due to the
brittle nature of the lithium phosphides, no free-standing pellet could be obtained by cold
pressing. Therefore, the cell is designed to be filled with the pure powder and to in situ
pelletize the sample by firm compression. The pressure is applied by fastening six screws
with a defined torque of 30 Nm. Since no load cell is integrated, the applied pressure is
calculated based on the torque. Additionally, reference measurements with different
torques were conducted, showing that the increase of the ionic conductivity for
progressively higher torques levels out at 30 Nm, corresponding to ~480 MPa. Applying
this torque, the samples can be compressed to ~80% of their crystal density, yielding an
ionic conductivity of ~1 mS cm™! at room temperature. The activation energy for lithium
ion transport is investigated by temperature-dependent EIS measurements in a range of
273 — 353 K, yielding a value of ~32 kJ mol™! (~0.33 eV). This is in good agreement with
an activation energy of ~30kJ mol! (~0.31 eV), determined by static 'Li NMR
experiments. Lastly, we determined the electronic conductivity by means of DC

polarization measurement to ~2 x 10”7 S cm™.

Author contributions

The compound was synthesized by S.S. and H.E. Impedance measurements were
performed and evaluated by C.S and D.M. The PND experiments were carried out by
A.S. and V.B. at the FRM-II neutron source in Garching, Germany. The structural
analysis was carried out by S.S., H.E., and W.K. The MAS NMR experiments were
performed by G.R.S. and the static 'Li NMR spectroscopy was done by H.K. DFT

calculations were conducted by V.L.D. All authors contributed to the manuscript.
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ABSTRACT: Solid electrolytes with superionic conductivity are
required as a main component for all-solid-state batteries. Here
we present a novel solid electrolyte with three-dimensional
conducting pathways based on “lithium-rich” phosphidosilicates
with ionic conductivity of 6 > 107> S cm™" at room temperature
and activation energy of 30—32 kJ mol™" expanding the recently
introduced family of lithium phosphidotetrelates. Aiming toward
higher lithium ion conductivities, systematic investigations of
lithium phosphidosilicates gave access to the so far lithium-
richest compound within this class of materials. The crystalline
material (space group Fm3m), which shows reversible thermal
phase transitions, can be readily obtained by ball mill synthesis

T/IK

m(2) 1 kQ

Re(2) / kQ

from the elements followed by moderate thermal treatment of the mixture. Lithium diffusion pathways via both tetrahedral and
octahedral voids are analyzed by temperature-dependent powder neutron diffraction measurements in combination with
maximum entropy method and DFT calculations. Moreover, the lithium ion mobility structurally indicated by a disordered Li/
Si occupancy in the tetrahedral voids plus partially filled octahedral voids is studied by temperature-dependent impedance and

"Li NMR spectroscopy.

1. INTRODUCTION

All-solid-state battery technology is currently attracting
considerable interest, as such batteries possess a number of
potential advantages over liquid electrolyte systems, including
energy density gains and improved safety. As a consequence, a
large number of inorganic materials with both crystalline and
amorphous structures as well as their composite structures have
been investigated experimentally and theoretically as potential
solid electrolyte candidates."” In particular the investigation of
lithium ion solid electrolytes in lithium ion batteries (LIBs) has
increased rapidly in order to improve the performance of
electrochemical energy storage systems.”’

In order to achieve a significant ijonic conductivity in a
crystalline solid, at first a high charge carrier density should
coincide with a large number of available lattice sites. Second,
solid electrolytes require a low activation energy for lithium
mobility as it is found in materials in which cation sites are
arranged in face-sharing polyhedra that are formed by anions.”
For example, for garnet-type solid electrolytes the effect of
polyhedral connectivity on the ionic conductivity has been

-4 ACS Publications  ©2019 American Chemical Society
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shown recently.” A large polarizability of the anions has been
suggested as another factor for lowering the activation barrier for
Li* mobility,’ and accordingly sulfides, thiophosphates, and
materials containing iodine such as Li-argyrodites are inves-
tigated as superionic conductors.”~'* For example, Li;PS, shows
an ionic conductivity that is several orders of magnitude higher
than that of Li;PO,, and the same applies for LigPS;Cl versus
LigPO5CL'*>'® The best superionic conductors are found if a
combination of several of these aspects appear as observed, for
example, in Li;,GeP,S;, (LGPS), which can formally be
regarded as a variation of pristine Li;PS,, combined with the
Li-richer Li,GeS, [Li;o(GeS,)(PS,), = 2 Li;PS, + Li,GeS,], or
in the argyrodites LisPS;X, which formally represent a
combination of Li;PS,, Li,S, and LiX [Liz(PS,)(S)X = Li;PS,
+ Li,S + Lix].%"°

Following these concepts we recently started to reinvestigate
the ternary phase systems Li/Si/P and Li/Ge/P'” and found
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ionic conductivities up to 107*S cm™" at room temperature for
pure LigSiP, and LigGeP,.'""” LisSiP,, comprising discrete
[SiP,]% tetrahedra, fulfills most of the criteria mentioned above:
(a) It has more than twice the Li* concentration of Li;PS,; (b)
the higher formal charge of minus two at the P atoms in the
[SiP,]®" units hints at a higher polarizability than the formally
one-fold negatively charged sulfur atoms in PS,*~; and (c) most
intriguingly, the crystal structure of LigSiP, is closely related to
the anti-structure type of CaF,. The atom packing of LisSiP,
derives from cubic close packing (ccp) of the P atoms, which in
consequence creates eight tetrahedral and four octahedral voids
per formula unit. Out of these 12 voids only one tetrahedral site
is filled by a Si atom, which can be considered as covalently
bound to the four P atoms. In addition eight Li atoms per
formula unit can be distributed within the remaining 11 voids,
and, thus, numerous empty vacancies for a possible Li* hopping
are present. As an additional advantage in the ccp, tetrahedral
and octahedral voids share common faces, a fact that enlarges
the window for diffusion pathways, compared to edge-sharing
polyhedra.*”*" This concept of cation disorder in lithium
phosphidotetrelates should create a promising opportunity to
get access to high-performance lithium ion conductors, which
has already been successfully applied to the Li/Ge/P system, as
indicated by the close structural relationship between LigSiP,
and a- and f-LigGeP,."”

However, the Li* conductivity can even be further increased
by using different or disordered anions. The presence of
differently charged anions may allow for a fine-tuning of the Li*
concentration within the compound, and a disorder may reduce
the activation barrier.”””* A well-established example for lithium
ion conductors in which all these concepts are realized is the
recently discovered class of Li-argyrodites LisPS;X (X = Cl, Br,
I). Their cubic crystal structure (F43m) consists of two different
types of anionic building blocks, tetrahedral [PS,]* units and
isolated S*~ or X~ ions in the ratio 1:2, separated by lithium ions.

We now apply the concept of increased disorder over a larger
number of polyhedral voids on one hand and of an increased
overall Li" mobility on the other, to lithium phosphidosilicates
(LSiP). The formal addition of more Li-rich Li;P to one
equivalent of LigSiP, corresponds to a line through Li;P and
LigSiP,"* in the ternary composition diagram Li/Si/P (Figure
1). Interestingly, at the Li-poor side along this line several
compounds such as LijoSi,Pe,”* Li,SiP,,'** and LiSi,P,>* are

1.00

»-0.00
1.00

Li 0.75 Si

0.25

0.00

Figure 1. Composition triangle of the ternary system Li/Si/P with
formulas of known compounds. The new compound Li;,SiP¢ is

highlighted in red.
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already known. The line hits the binary border at a nominal
stoichiometry of “Si;P,”.

Here we report on a new compound with a higher Li content
than LigSiP, obtained by a formal addition of Li;P. Based on the
crystal structures of LigSiP, and Li;P, one might expect the
presence of [SiP,]®” and P*~ as anionic building units similar to
the simultaneous appearance of [PS,]*” and S* in Li-
argyrodites. We found a straightforward and simple synthesis
route for the new phosphidosilicate Li,,SiPs, which shows the
highest Li* density among the more complex lithium ion
conductors. This route leads to a crystalline material and
comprises mechanochemical ball milling of the elements with
subsequent annealing of the mixture. The crystal structure was
determined by single crystal and by powder X-ray, as well as by
powder neutron diffraction methods. The purity of the samples
was confirmed by elemental analyses as well as by solid state °Li,
%Gi, and *'P MAS NMR spectroscopy. The thermal properties
of the material were studied by differential scanning calorimetry
and temperature-dependent powder neutron diffraction experi-
ments. Finally, the Li" migration has been investigated by
electrochemical impedance spectroscopy, temperature-depend-
ent 'Li NMR spectroscopy, high-temperature neutron diffrac-
tion measurements (maximum entropy method), and density
functional theory calculations.

2. EXPERIMENTAL METHODS

Synthesis. All syntheses were carried out under an Ar atmosphere in
gloveboxes (MBraun, 200B) with moisture and oxygen levels below 0.1
ppm or in containers, which were sealed under an Ar atmosphere and
vacuum (<2 X 10™% mbar), respectively. Lithium phosphidosilicates are
sensitive to oxygen and moisture; in particular, contact with water
results in a vigorous reaction including the formation of flammable and
toxic gases (e.g., phosphine). Therefore, disposal must be carried out in
small amounts at a time and under proper ventilation.

Synthesis of Polycrystalline Li;;SiPs. The synthesis route
includes two steps, using stoichiometric amounts of lithium (Rockwood
Lithium, 99%), silicon (Wacker, 99.9%), and red phosphorus (Sigma-
Aldrich, 97%) aiming for the compositions Liy;SiPs, Li;4SiPs, Li;;SiP5,
and LiySiPs. In the first step a reactive mixture (m = 1.5-5.0 g) is
prepared by mechanochemical milling using a Retsch PM100 planetary
ball mill (350 rpm, 36 h, 10 min interval, 3 min break) with a tungsten
carbide milling jar (V' = 50 mL) and three balls with a diameter of 15
mm.

In the second step, the obtained reactive mixture was pressed to
pellets, sealed in batches of 0.3 to 3.0 g in carbon-coated silica glass
ampules, and heated in a muffle furnace (Nabertherm, L5/11/P330) to
973 K (heating rate: 4 K min~") followed by quenching of the hot
ampules in water. Annealing times between 6 and 18 h yielded products
with high purity. The sample used for determination of the ionic
conductivity was quenched after 9 h.

Powder X-ray Diffraction. Data were collected at room temper-
ature on a STOE Stadi P diffractometer (Ge(111) monochromator, Cu
Ka, radiation, A = 1.540 56 A or Mo Ka; radiation, A = 0.709 32 A) with
a Dectris MYTHEN 1K detector in Debye—Scherrer geometry.
Samples were sealed in glass capillaries (O 0.3 mm) for measurement.
Raw data were processed with WinXPOW?® software prior to further
refinement.

Powder Neutron Diffraction. Elastic coherent neutron scattering
experiments were performed on the high-resolution powder diffrac-
tometer SPODI at the research reactor FRM-II (Garching,
Germany).”” Monochromatic neutrons (4 = 1.5482 A) were obtained
at a 155° takeoff angle using the (551) reflection of a vertically focused
composite Ge monochromator. The vertical position-sensitive multi-
detector (300 mm effective height) consisting of 80 *He tubes of 1 in. in
diameter and covering an angular range of 160° 26 was used for data
collection. Measurements were performed in Debye—Scherrer
geometry. The powder sample (ca. 2 cm® in volume) was filled into a
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Nb tube container (10 mm diameter, 0.5 mm wall thickness) under
argon and welded using an arc-melting apparatus. The Nb container
with the sample was mounted in the top-loading closed-cycle
refrigerator. *He was used as a heat transmitter. The instantaneous
temperature was measured using two Cernox thin film resistance
cryogenic temperature sensors and controlled by a LakeShore340
temperature controller. Two-dimensional diffraction data were
collected at fixed temperatures in the range of 4—300 K using 20 K
temperature steps upon heating and then corrected for geometrical
aberrations and the curvature of the Debye—Scherrer rings.

For measurements at high temperature the Nb container with the
sample was mounted in the vacuum furnace equipped with Nb heating
elements. Measurements and temperature control were carried out
using two Type L thermocouples and a Eurotherm 2400 controller. The
data were collected in the temperature range 297—1023 K using a
temperature increment of 50 K. At temperatures below 573 K, “He was
used as a thermal exchange medium, whereas at higher temperatures
the furnace regulation was achieved using an isolation vacuum.

Rietveld Refinement. The data analysis was performed using the
full profile Rietveld method implemented in the FullProf program
package.”® For the shaping of the peak profile, the pseudo-Voigt
function was chosen. The background contribution was determined
using a linear interpolation between selected data points in non-
overlapping regions. The scale factor, zero angular shift, profile shape
parameters, resolution (Caglioti) parameters, asymmetry and lattice
parameters, and fractional coordinates of atoms and their displacement
parameters were varied during the fitting.

In accordance with the composition gained from elemental analyses
the stoichiometry was set to Li},SiPs (Z = 0.67) or Li, 33Siy,P (Z = 4),
respectively. Besides the Nb reflections only reflections consistent with
cubic symmetry and face centering, according, for example, to the space
group Fm3m (no. 225) of antifluorite, are present in the neutron
diffraction patterns. The diffraction intensities of Li ,SiP4 have been
modeled with the P atoms located at the 4a site and a mixed Li/Si site
occupation of the residual 4b and 8¢ sites. Constraining the overall Li
and Si concentrations to the ones from elemental analyses, along with
the assumptions of full 8¢ site occupation it can be concluded that the 8¢
site is fully occupied by Si and Li and that there is no Silocated on the 4b
site.

A joint Rietveld refinement of the powder neutron diffraction data at
300 K and of the Mo powder X-ray diffraction data at the same
temperature with a single structural model was carried out, proving the
accuracy of the two methods. All structures were visualized using
VESTA.”

Single Crystal X-ray Structure Determination. Single crystals of
Li,,SiP4 were obtained by a high-temperature reaction of the reactive
mixture in a corundum crucible, which was sealed in a steel ampule
under Ar. The pressed sample was annealed for 6 h at 1273 K (heating
rate: 4 K min™"), slowly cooled to 973 K (cooling rate: 0.05 K min™"),
and quenched after another 8 h in water.

A single crystal of Li;,SiP¢ was isolated and sealed in a glass capillary
(0.1 mm). For diffraction data collection, the capillary was positioned in
2150 K cold N, gas stream. Data collection was performed with a STOE
StadiVari (Mo Ka, radiation) diffractometer equipped with a
DECTRIS PILATUS 300 K detector. The structure was solved by
direct methods (SHELXS-2014) and refined by full-matrix least-
squares calculations against F* (SHELXL-2014).*

Elemental Analyses. Elemental analyses were performed by the
microanalytical laboratory at the Department of Chemistry of the
Technische Universitit Miinchen. The amount of lithium in the
samples was analyzed via atomic absorption spectroscopy using a 280FS
AA spectrometer (Agilent Technologies). The amount of phosphorus
was determined by photometry applying both the vanadate method and
the molybdenum blue method, leading to almost identical values. The
amount of silicon was also determined photometrically via silicon
molybdate. To overcome disturbances of phosphorus and lithium,
blank tests have been applied to calculate occurring deviations. The
corresponding photometric analyses were carried out using a Cary
UV—vis spectrometer (Agilent Technologies).

The analyses reveal the following composition: lithium 29.4%, silicon
8.23%, and phosphorus 57.89% (vanadate method) or 57.68%
(molybdenum blue method). The observed overall loss of about 5%
may be caused by abrasion of small amounts of WC during ball milling
and impurities within the educts (e.g,, purity of Li > 99% or P > 97%)
or formation of volatile decomposition products. Conversion and
scaling of the determined values result in a stoichiometry of
Lij3 4Si0.94Ps:

Differential Scanning Calorimetry (DSC). For the investigation
of the thermal behavior of the compounds a Netzsch DSC 404 Pegasus
device was used. Niobium crucibles were filled with the samples and
sealed by arc-welding. Empty sealed crucibles served as a reference.
Measurements were performed under an Ar flow of 75 mL min™" and a
heating/cooling rate of 10 K min~!. Data collection and handling was
carried out with the Proteus Thermal Analysis program.”"

Solid-State NMR Spectroscopy. Magic angle spinning (MAS)
NMR spectra have been recorded on a Bruker Avance 300 NMR device
operating at 7.04 T by the use of a 4 mm ZrO, rotor. The resonance
frequencies of the investigated nuclei are 44.167, 59.627, and 121.495
MHz for °Li, Si, and *'P, respectively. The rotational frequency was
set to 8 kHz (¥Si), 12 kHz (*'P), and 15 kHz (°Li and 3'P). The MAS
NMR spectra have been acquired at room temperature with recycle
delays from 10 to 45 s and 200 to 1064 scans. All spectra regarding °Li
were referenced to LiCl (1 M, aq) and LiCl (s), offering chemical shifts
of 0.0 and —1.15 ppm, respectively. Tetrakis(trimethylsilyl)silane was
used as an external standard for the *Si spectra, showing a chemical
shift of —9.84 ppm referred to tetramethylsilane. The *'P spectra were
referred to ammonium dihydrogen phosphate (s) with a chemical shift
of 1.11 ppm regarding concentrated H;PO,. All spectra were recorded
using single pulse excitation.

Static Li single pulse acquisition NMR experiments have been
performed using a Bruker Avance III spectrometer operating at a
magnetic field of 7.04 T employing a 4 mm WVT MAS probe. The
resonance frequency of the measured "Li nucleus is 116.642 MHz. The
sample has been sealed in a 4 mm glass tube to avoid contact with air
and moisture. The temperature calibration for the measurements has
been performed using the temperature-dependent **’Pb NMR shift of
lead nitrate as chemical shift thermometer, which has also been
measured in a sealed glass tube. The static 'Li NMR measurements
were carried out in the temperature range from room temperature to
147 K with recycle delays from 1 to 60 s and 4 scans. All spectra were
referenced to LiCl (9.7 M, aq), for "Li.

Impedance Spectroscopy and DC Conductivity Measure-
ments. The ionic conductivity of Li;,SiPs was determined by
electrochemical impedance spectroscopy (EIS) in an in-house-
designed cell. The setup consists of two stainless-steel current
collectors, a stainless-steel casing, a PEEK tube, hardened stainless-
steel dies, and pistons comprising a gasket for tightening the cell as well
as six screws for fixing the cell (see Figure S12). Powdered samples of
Li;4SiP4 (510 mg) were placed between two 8 mm dies, and the screws
were fastened with a torque of 30 N m (corresponding to a theoretic
pressure of 480 MPa), compressing the samples to 79% of the crystal
density. For the determination of the compressed pellet thickness, six
holes in a symmetric configuration were drilled into the current
collectors, and the distance in between was measured using a precision
caliper. Impedance spectra were recorded on a Bio-Logic potentiostat
(SP-200) in a frequency range from 3 MHz to SO mHz at a
potentiostatic excitation of +50 mV. Data were treated using the
software EC-Lab (V 11.26). The measurements were performed in an
Ar-filled glovebox at 298 K. The electronic conductivity was
determined with the same setup using a potentiostatic polarization
applying voltages of 50, 100, and 150 mV for 16 h each. For the
determination of the activation energy of the lithium ion conduction,
the cell temperature was set to 273, 298, 313, 333, and 353 K using a
climate chamber (ESPEC, LU-114). The exact temperature profile is
described in the Supporting Information as well as in Figure S13. Prior
to EIS measurements, the cell rested 120 min to allow for thermal
equilibration. EIS measurements were performed at both heating and
cooling cycles. Temperature-dependent measurements were conducted
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outside the glovebox, and the pistons were additionally greased to
ensure a tight sealing of the cell from the ambient environment.

DFT Simulations. Density functional theory (DFT) total energy
computations and DFT-based molecular dynamics (MD) simulations
were carried out to complement the experimentally derived structures.
Comparable DFT-MD techniques were recently used to study the
related Li,SiP, system.>> Here, however, the presence of sites with
fractional occupations make it necessary to construct a supercell model
in which all atoms are located on discrete sites (Supporting
Information). Such a supercell provides an approximant for the
disordered structure but incurs substantial computational cost.
Specifically, we used a 3 X 3 X 3 expansion of the conventional unit
cell, ensuring an approximately isotropic distribution of Si atoms on the
8¢ position (such as to avoid close Si--Si contacts) and assessed
different discrete occupation models for the Li-containing sites. Total-
energy computations using CASTEP*® confirmed that a full occupation
of the position 8¢ and a vacancy formation on 4b is preferred over the
alternative scenario of vacancy formation on 8¢ (“vacancy formation”
here being equivalent to a fractional occupation of that site), by up to
~10 k] mol™ in static computations (Figure S16), qualitatively
corroborating the experimental refinement results. For the final 378-
atom supercell model, high-temperature DFT-MD simulations were
carried out using cp2k.*>* The system was gradually heated to 1300 K
(30 ps), held at 1023 K (2.5 ps), followed by a production run at that
temperature (S ps), all with a time step of 0.5 fs. Details of the protocol
are provided as Supporting Information.

3. RESULTS AND DISCUSSION

Syntheses and Structure of Li;,SiPs. For the search of
novel Li-rich compositions we investigated stoichiometric ratios
along the line connecting Li;P and LigSiP, in the composition
triangle of the ternary system Li/Si/P (Figure 1). Extrapolation
of this sequence to higher amounts of lithium by the formal
addition of “Li;P” units results in the nominal compositions
“Li;;SiPs”, “Lij,SiPg”, “Li;,;SiP;”, and “LiySiPg”. Materials of
these compositions were prepared applying a recently described
preparative route for phosphidotetrelates starting from mechan-
ical alloying of the elements in stoichiometric amounts, followed
by a high-temperature reaction of the mixtures in sealed, carbon-
coated silica glass ampules.'” After the mechanical alloying
process, powder X-ray diffraction (PXRD) data reveal the initial
formation of a cubic anti-fluorite structure type. However, the
extremely broadened reflections indicate small crystal sizes.
Additionally, at that stage an intense and broad X-ray
amorphous halo implies the presence of large amounts of glassy
phases. The microcrystalline, single-phase Li,,SiP¢ is obtained
by quenching the hot ampule with the ball-milled product in
water after 6—18 h of annealing at 973 K. Variation of annealing
time within that frame does not lead to detectable differences in
the crystal structure or sample purity. Simultaneous refinement
of powder Mo X-ray and neutron diffraction shows a high
agreement of the two methods and confirms the structure model
(Figure 2). Details of the Rietveld refinements are shown in
Table 1.

Experiments with the nominal stoichiometry of “Li;;SiPs” in
analogy to Li ,SiP4 reveal a mixture of Li;,SiP4 and LigSiP,,"*
whereas investigations of compositions with a higher amount of
lithium and phosphorus (“Li;;SiP;” and “LiSiPg”) lead to a
mixture of Li,SiPs and Li;P (Figure S3 in the Supporting
Information). According to these results, Li;4SiP is assumed to
be the lithium-richest compound on the quasi-binary line
between Li;P and “SizP,”. Moreover, no significant phase width
according to “Liy, 4,Si;,, P4 is found at the Li;P-rich side, while
at the Li;P-poor side a Si-enriched composition “Lij4_4,Si;,,Ps”
seems to exist (Supporting Information).
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Figure 2. Results from the joint Rietveld refinement of Li ,SiP,. (a)
Rietveld analysis of the powder neutron diffraction pattern (4 = 1.5482
A) of Li;,SiP¢ at 300 K. (b) Rietveld analysis of the powder X-ray
diffraction pattern (4 = Mo Ka;) of Lij,SiP¢ at 300 K. In both
diffraction patterns red circles indicate observed intensities Yy, black
lines show calculated intensities Y, blue lines reveal the difference
between observed and calculated intensities, and green marks indicate
Bragg positions of Li},SiPs and Nb (ampule) or Li;,SiP, Si (added as
internal standard to the PXRD sample) and WC (abrasion),
respectively.

Table 1. Details of the Joint Rietveld Structure Refinement of
Li;4SiP4 from Neutron and X-ray Diffraction Measurements
at 300 K

empirical formula  Li, 33Siy,P (neutron diffr.)  Li, 33Sip,,P (X-ray diffr.)
T/K 300

fw/g mol ™! 51.86

space group (no.) Fm3m (225)

unit cell params/A a=25.93927(1)

Z 4

V/A3 209.507(1)

Peac/g cm™ 1.644

diffracted beam neutrons X-rays

/A 1.5482 0.709 26

20 range/deg 9.0000—151.9000 10.0000—89.7860
R, 4.62% 4.79%

R, 6.16% 6.71%

Ry, 2.37% 3.82%

Ve 6.73 3.07

GOF 2.6 1.8

Rppugg 9.12% 4.64%

R¢ 5.79% 14.8%
depository no. CSD-1915806 CSD-1915824

The lithium-rich compound Li,,SiP¢ crystallizes in the Li;Bi
structure type”” with the cubic space group Fm3m (no. 225) and

DOI: 10.1021/jacs.9b05301
J. Am. Chem. Soc. 2019, 141, 14200—14209


http://dx.doi.org/10.1021/jacs.9b05301

Journal of the American Chemical Society

a lattice parameter of 5.91566(6) A at 4 K (Figure 3). The
crystal structure was determined from the data of a single crystal

@Li
@®Si
@P

Figure 3. Structure of Li ,SiP¢ at 4 K. P atoms, mixed Li/Si sites, and
partially occupied Li sites are depicted as pink, gray/indigo, and gray/
white displacement ellipsoids, respectively, set at 90% probability. Black
lines mark (Li/Si)—P bonds resulting in (Li/Si)P, tetrahedra.

X-ray diffraction measurement at 123 K, from temperature-
dependent powder neutron diffraction measurements between 4
and 1023 K, and from a simultaneous refinement of powder
neutron and X-ray diffraction patterns obtained at 300 K.
Atomic coordinates and anisotropic displacement parameters as
well as the results from the powder neutron diffraction
measurement at 4 K and from the single crystal X-ray diffraction
at 123 K are given in the Supporting Information.

The unit cell of Li;,SiP4 contains three crystallographic atom
positions (P1, Li1/Sil, and Li2). The structure is closely related
to the anti-fluorite type of structure, as it is based on a cubic close
packing (ccp) of P atoms on the 4a site, with all tetrahedral voids
(8c site) fully occupied by Lil and Sil atoms in a mixed
occupancy ratio of 11:1. Additionally, all octahedral voids (4b
site) are occupied by Li atoms (Li2) with a probability of 50%.
All interatomic Si—P (2.561 6(1) A; due to symmetry identical:
Lil—P, Li2—Si, Lil—Li2), Li2—P (2.969 64(1) A), and P—P
distances (4.199 70(1) A) are within the range of those found
for related ternary or binary compounds such as LigSiP,"
Li,SiP,, "% LiSi,P;, > LiyoSiyPs,”* LiyP,** and Lip,Si,.”” As a
consequence of the occupational disorder of Lil and Sil, the
structure contains [SiP,]®” tetrahedra (ortho-phosphidosili-
cate) and P*” ions in a ratio of 1:2; the negative charge is
compensated by 14 lithium ions located in close vicinity.

Despite the structural similarity of Li ,SiPs to the Li;Bi
structure type, the compositionally related compound Li;P
crystallizes in a different structure type (space group: P6;/mmc).
Whereas Li ,SiPg derives from a ccp of P atoms, Li;P can be
derived from a hexagonal close packing of P atoms. In this
structure the tetrahedral voids and the trigonal faces shared by
octahedral voids are occupied with Li. In Li;,SiP¢, Li also fills
tetrahedral voids, but is additionally centered in octahedral
voids. The variances in the structure suggests a stabilization of
the cubic phase by the introduction of Si atoms that covalently
bind to four P atoms. Due to the conservation of charge balance,
the incorporation of Si (or formal Si*") reduces the amount of
Li" by a factor of 4, which in consequence leads to a partially
filled Li position (8¢ site).

In Li;,SiPg, the presence of isolated tetrahedral SiP, anions is
confirmed by the *Si MAS NMR spectrum showing one distinct
resonance at 10.4 ppm (Figure S8 in the Supporting
Information), which is rather close to the value of 11.5 ppm

observed for discrete [SiP,]®~ tetrahedra in LigSiP,, whereas the
signals of covalently connected tetrahedra occur in the range
from —3.3 to —14.8 ppm as observed for Li,SiP, and
Li,Si,P,." >

Although the crystal structure contains only one crystallo-
graphic P site, two broad, distinct signals are detected in the *'P
MAS NMR spectra at —226.9 and —316.8 ppm (12 kHz, Figure
S9 in the Supporting Information). In spite of the disorder of Li
and Si, the P atoms are situated in different chemical
environments—surrounded by either eight Li atoms or by one
Si atom and seven Li atoms in the neighboring tetrahedral
voids—and by a different number of atoms in the six, partially
filled octahedral voids. These considerably different chemical
environments lead to a strong broadening of the signals.38 As
observed in the P MAS NMR spectra of related com-
pounds,'®** a covalent Si—P bond has a significant effect on the
chemical shift: the lower the number of neighboring Si atoms
and thus the higher the negative partial charge of the P atom, the
stronger the upfield shift of the signal. Consequently, the signal
at —226.9 ppm can be assigned to the terminal phosphorus
atoms in the covalently bound [SiP,]®" units that matches well
the characteristic range of terminal phosphorus atoms of
[SiP,]®~ tetrahedra in LigSiP,'® and Li(Si,Ps,>* whereas the
signal at —316.8 ppm is assigned to the isolated P*~ units
without covalent bonds and surrounded by eight lithium ions in
a cubic arrangement.

According to the ratio of one [SiP,]*~ tetrahedron containing
four P atoms and two P>~ anions, the ratio of the total integrated
intensity of the two *'P NMR signals should be 2:1. The slightly
higher experimental ratio of 2.3:1 (12 kHz) either results from
an overlap of the signals with the spinning sidebands of the
respective adjacent signals, as their accessible spinning
frequencies are in the range of the chemical shift difference of
the two signals, or indicates the additional presence of bridging P
atoms between edge- or corner-sharing SiP, tetrahedra. Such
bridging P atoms might cause a larger shift between —120 and
—240 ppm, ****® which could overlap with the signals of
terminal P atoms. However, the probability of a subsequent
occupation of neighboring tetrahedral voids by Si atoms leading
to sharing corners or edges of SiP, tetrahedra should be rather
small, owing to the electrostatic repulsion of the formally 4-fold
positively charged Si atoms.

As known from all other lithium phosphidosilicates, the °Li
MAS NMR spectrum of Li ,SiP4 shows only one signal at 5.4
ppm (Figure S7 in the Supporting Information).'®***>

Thermal Properties of Li;;SiPs. In order to apply the
maximum entropy method at 1023 K, Li ,SiP4 was studied by
temperature-dependent powder neutron diffraction experi-
ments. Within the investigated temperature range from 4 to
1023 K, the unit cell parameter increases from 5.9158(1) to
6.0785(3) A in the lower temperature range. Between 623 and
673 K Li,,SiP¢ decomposes entirely, indicating a fast transition.
The phase mixture is thermodynamically stable up to temper-
atures between 873 and 923 K. The lithium-rich phase Li ,SiP4
reappears at 923 K with a proportion of about 80% and is
completely converted at 973 K (Figure 4). During these
transition processes all Bragg reflections of the involved
compounds remain distinct with narrow line widths, suggesting
the formation of large crystal domains. The transition temper-
atures are confirmed by DSC of Li,,SiP¢, and the corresponding
evaluation is given as Supporting Information.

The supplementary evaluation of the executed Rietveld
refinements from temperature-dependent neutron diffraction
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Figure 4. 2D plot of the data of temperature-dependent neutron
diffraction measurements from 4 to 1023 K in a 26 range from 5° to
160° (sample sealed under Ar). With increasing temperature Li,,SiP
decomposes into LigSiP, and Li;P and is re-formed again. The ampule
material Nb is indicated with solid circles.

experiments exhibited a nonlinear increase of the Ilattice
parameters of Li;,SiP; upon heating (Figure S). Furthermore,
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Figure 5. Thermal dependence of the lattice parameters a and of the
thermal expansion coefficient (calculated as a,(T) = dln/(T)/0T)
(inset) of the Li,,SiP4 sample upon heating under Ar. The normalized
a/2 lattice parameters for the intermediate phase LigSiP, are shown by
red points.

the quasi-linear trend of increasing lattice parameters observed
prior to the phase transition is continued at 973 and 1023 K,
indicating a complete recovery of the initial structure obtained
via quenching. The lattice dimension of LigSiP,, as normalized to
formula units, has been found systematically smaller and is
characterized by a lower thermal expansion rate than that of
Li,,SiP,.

Similar to other thermodynamic quantities, the temperature
evolution of the lattice dimensions and, correspondingly, the
thermal expansion can be modeled. As it has been shown in
previous studies,”””*' the thermal dependency of the lattice
parameter can be modeled by means of the first-order Griineisen
approximation:

— 3 _ v
V(T) = (1)’ = Vo + - U(T)

3
T 0,/T 3
= v, + L |onweyr| L f X4
K ) Jo ef —1 1)

where V|, denotes the hypothetical cell volume at zero
temperature, y is the Griineisen constant, Ky is the bulk
modulus, and U is the internal energy of the system. Both y and
K are assumed to be temperature independent, and the use of
the Debye approximation for the internal energy U in eq 1 with
the characteristic temperature 6, usually provides a reasonable
description.

The least-squares minimization fit of the experimental
temperature dependence of cell volumes by eq 1 yields
207.093 + 0.066 A%, 2507 X 107* + 37 x 107" Pa™! and 659
+ 31 K for V,, the y/K; ratio, and 6, respectively. The fit was
characterized by a high coefficient of determination, 0.999965,
and the graphical results are shown in Figure S by dashed lines.

The linear thermal expansion coefficient was calculated from
the thermal evolution of the lattice parameter via a,(T) = dln/
(T)/0T, and the result is shown in the inset of Figure S. The
thermal expansion of Li ,SiP¢ grows upon heating from 0 K to
ca. 27.5 X 107 K™' and becomes almost temperature
independent, o = 32 X 107¢ K7, above 500 K, which is
corresponding to ca. 0.8 p, indicating a quasi-classical behavior
of Li;,SiPy at these temperatures.

Lithium lon Mobility. The dynamic behavior of the lithium
ions was investigated via the temperature-dependent evolution
of the static Li NMR line width in the relevant temperature
range. Since the central transition of the I = 3/2 nucleus "Li is
only broadened by the homo- (“Li—"Li) and heteronuclear
(here: "Li—>'P) dipolar couplings, and both types of interactions
scale with the second Legendrian (3 cos* # — 1), any dynamic
process should produce a (partial) averaging of the orientational
dependence and hence entail a narrowing of the NMR line.

The temperature-dependent evolution of the 'Li NMR
spectra is shown in Figure 6a. Only one Lorentzian-shaped
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Figure 6. (a) 'Li NMR spectra of Li;,SiPs recorded at different
temperatures. (b) Evolution of the temperature-dependent Li line
widths of Li;,SiP4 The solid line serves only as a guide to the eye.

signal at 4.8 ppm is visible at room temperature with a line width
of 523 Hz. Upon cooling of the Li,SiP¢ sample, this signal
gradually broadens and develops a Gaussian line shape with a
line width of 102 kHz at 147 K. Figure 6b shows the
temperature-dependent evolution of the line width (fwhh) of
the static "Li measurements. A rough estimation of the activation
energy can be done by the empirical Waugh—Fedin relation,
ENMR = 0.156 T, The onset temperature was determined to
be 190 K, which leads to an activation energy of 30 kJ mol™’
(~0.31 eV).

In addition, the lithium ion conductivity of Li;,SiPs was
determined from impedance measurements in a blocking
electrode configuration. Impedance spectra at different temper-
atures (273, 298, 313, 333, and 353 K, according to the
temperature profile shown in the inset) are displayed in Figure
7a, featuring a semicircle at high frequencies and a low-
frequency tail. The semicircle can be described as parallel circuit
element of a resistor and a constant phase element (R/Q), with
Rrepresenting both intragrain and grain boundary contributions
to the lithium ion transport, which could not be resolved, and
thus only the total ionic resistance of the sample could be
determined. The fitted a values (>0.98) of the constant phase
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Figure 7. (a) Nyquist plot of Li;,SiP; measured under blocking
conditions, with spectra recorded at temperatures between 273 and 353
K during a heating cycle, according to color coding of the inset, which
shows the temperature profile of a cycle for these temperature-
dependent measurements. Colored dots indicate the temperatures at
which impedance was measured. (b) Arrhenius plot of the product of
conductivity and temperature (oy; T) obtained in the heating as well as
in the cooling branch, with error bars for each based on the standard
deviation from independent measurements with three cells; the shown
linear fit through both branches was used to obtain the activation
energy E5°S. Since the differences of the average (o1; T) values obtained
during heating vs cooling are very small, they are marked by the orange
and green arrows, respectively.

elements are reasonable close to 1; hence, the constant phase
exponent was neglected, in which case the Q parameter becomes
essentially equivalent to a capacitance, with a value of ~4.2 X
107'°F for 298 K. This value lies in between the typical range for
intragrain (~107'? F) and grain boundary (~107° F)
capacitances.”” The ionic conductivity was determined to be
01;(Li,SiPg) = (1.09 £ 0.06) X 107> S cm™ at 298 K (obtained
from three independently measured cells). The activation
energy for lithium ion transport (Figure 7b) is investigated by
temperature-dependent impedance measurements in a range
from 273 to 353 K, yielding an E;* of 32.2 + 0.6 kJ mol™*
(~0.33 eV); this was determined from three independently
measured cells, using the oy; T values of only the first heating and
cooling cycle of each sample. The temperature ramp of a heating
and cooling cycle is displayed in the inset of Figure 7a. Colored
dots indicate at which temperatures PEIS measurements were
performed. In this context it shall be mentioned that
conductivities (and thus the product of oy; T) for heating and
cooling differ by less than 5% at 298 and 333 K, whereas at 313K

the oy; T values obtained in the cooling branch are clearly higher
than those obtained in the heating branch (by ~58%), although
the cell was in thermal equilibrium. This hysteresis was
reproducibly observed for all measured cells of this compound
(three independently built and measured cells) and hence is no
artifact, but rather must be a compound-related phenomenon.
The exact reason for the observed hysteresis is still under
investigation. Error bars are calculated separately for heating and
cooling steps by taking the mean of three independent
measurements. DC polarization measurements in the range
from 50 to 150 mV reveal an electronic conductivity of (1.64 +
0.04) X 1077 S cm ™! at 298 K (based on the standard deviation
of three cells).

Lithium Diffusion Pathways in Li;;SiPg. In Li;,SiP4 only
lithium (in its natural isotope composition) possesses a negative
scattering length (by; = —1.9 fm). This is very beneficial, since
the study of experimental lithium diffusion pathways may be
limited to the analysis of the distribution of negative
components in nuclear density maps. Accurate nuclear density
maps were extracted from the experimental structure factors and
phases measured at 1023 K by the maximum entropy method
(MEM). This method in general is based on the estimation of
3D scattering densities from a limited amount of information by
maximizing information entropy under restraints, consistent
with experimental observations.” Compared to Fourier analysis
the MEM often delivers more accurate electron/nuclear density
maps from powder diffraction data sets having “limited”
statistics; that is, termination effects and artifacts of various
kinds often occur to be less pronounced in MEM evaluations.

Negative nuclear density maps for Li,SiP4 reconstructed
from experimental structure factors using the program
Dysnomia** are plotted in Figure 8. The MEM analysis of the
nuclear densities yields 3D lithium diffusion pathways in
Li,,SiP4 involving both of the lithium sites 4b and 8c. Large
sphere-like volumes on negative nuclear density maps
correspond to the lithium location and are connected by well-
resolved necks, which define the energy barrier for lithium
diffusion in Li;,SiP4. As illustrated, it is obvious that there is a
connection between face-sharing tetrahedral and octahedral
voids. Thus, neither lithium diffusion via edge-sharing
tetrahedral voids nor a lithium ion hopping mechanism between
edge-sharing octahedral voids could be ascertained for Li,,SiPg.
The latter is also hindered by the large interatomic distances of
the adjacent Li2 atoms centered in the octahedral voids (4b).

(100), 1/8

(100), 1/4

(100), 3/8

(100), 1/2

Figure 8. Negative nuclear density distribution in Li},SiP4 reconstructed from experimental structure factors at 1023 K using the maximum entropy
method (surface threshold —0.01 fm/A?, cell grid 256 X 256 X 256) for various lattice planes defined by Miller indices (h, k, I) and number of position.
Li, P, and mixed Li/Si sites are shown as gray, pink, and dark blue spheres, respectively.
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The lithium motion, which is visualized in Figure 9a, occurs
from the 8¢ site (Lil) to a vacancy on the 4b site. Interestingly

Figure 9. (a) Sketch of diffusion pathways in Li;,SiP4 between face-
sharing tetrahedral (8¢) and octahedral voids (4b) indicated by white
lines going straight through the neck @ at the general position (0.40276
| 0.59724 | 0.305). Li and P are shown as gray and pink spheres,
respectively. (b) The 2D section cut (110, d = 1.0 plane) of the lithium
one-particle-potential (OPP, red £ low, blue £ high) and its schematic
1D section along dashed lines connecting five Li atoms in a chain Li2-
®-Lil-@-Li2-@®-Lil-®-Li2, where @ corresponds to the neck
connecting neighboring sites with partial Li occupations. Li, P, and
mixed Li/Si sites are shown as gray, pink, and dark blue spheres,
respectively.

the diffusion does not occur along the direct connection
(shortest distance) between the two adjacent sites 8c and 4b, but
proceeds via a well-defined neck (i.e, @) with the lattice
coordinates of 96k (0.40276 | 0.59724 | 0.305) and .. site
symmetry.

Assuming a quasi-classical behavior of Lij,SiP¢ at temper-
atures above 500 K, the experimental nuclear/probability
densities can be analyzed in the form of an activation energy
landscape. Since the lithium is the only negative scatterer in
Li;,SiP;, the one-particle potential (OPP) for lithium was
recalculated from negative nuclear densities. Its 2D distribution
in the (110, d = 1.0) plane is shown in Figure 9b. The direct
Lil—Li2 pathway is characterized by an activation barrier larger
than 1.4 eV (~135 kJ mol™) at 32f (0.36 | 0.64 | 0.36). A
sufficiently lower activation barrier of 0.44 eV (~42 kJ mol™)
occurs along the pathway involving the previously mentioned
neck at 96k, i.e., Lil-@-Li2. The small activation barrier at the
Li2 site is considered as an artifact of the data evaluation.

While it is not feasible for DFT simulations to map out all
atomistic diffusion pathways in the system, due to the presence
of disorder (which formally makes all pathways inequivalent and
requires a supercell approximant; Methods section), we did
perform DFT-based MD simulations at high temperature that

qualitatively corroborate the mechanism for lithium diffusion in
the title compound. At a simulation temperature around that of
the MEM analysis (1023 K), the Li atoms are seen to be highly
mobile and frequently change positions (Figure 10a,b); several

Figure 10. DFT-MD modeling of Li* dynamics in LijSiPg (a)
Snapshots from a trajectory at around 1023 K, showing atoms as
partially translucent spheres (Li/Si, smaller; P, larger) and overlaying
100 equidistant images to provide an impression of the atomic mobility.
The cell has been shifted by (a/4, a/4, 0) to ease visualization. (b) Final
image of the simulation, showing the Li atoms only and indicating the
boundaries of the simulation cell by a thin line. (c) Same but showing
only the Si atoms and the P atoms in their direct vicinity; the tetrahedral
[SiP,]*" units remain intact during the simulation, as emphasized by
shading, Structures were visualized using VMD™ and VESTA.*’ Details
of the supercell model construction are provided as Supporting
Information.

instances of Li atom motion across the 8c and 4b sites were
observed in the DFT-MD trajectory. On the other hand, the
heavier Si and P atoms show thermal vibrations, but the ccp-like
anion sublattice and the [SiP,]®” units remained intact
otherwise during our simulation, providing further evidence
for the validity of the structural model (Figure 10c). At such high
temperature, the structure could be viewed as a framework of
isolated [SiP,]®” and P>~ units between which the Li atoms are
readily moving in all directions, consistent with the exper-
imentally observed Li mobility even at much lower temperature.

4. CONCLUSION

The so far lithium-richest phosphidosilicate Li,,SiP¢ crystallizes
in the highly symmetric space group Fm3m (no. 225). The
compound combines structural simplicity with P atoms forming
a simple ccp atom arrangement with an intriguing degree of
complexity, specifically mixed occupations, and high mobility of
Li atoms. The formation of a cubic structure starts already
during the mechanical milling process, as the powder X-ray
diffraction experiments reveal the corresponding admittedly
broadened but evident reflection pattern, and is finished upon a
heat treatment at 973 K. DSC analyses and temperature-
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dependent neutron diffraction experiments revealed a remark-
able thermal behavior of the novel compound. Li;,SiPy is a high-
temperature phase and decomposes at temperatures below 973
K into LigSiP, and Li;P. The decomposition and re-formation
proceeds within a distinct temperature range, and, therefore, in
order to obtain pure Li ,SiPy, rapid cooling of the samples after
the heat treatment is essential. Structural analysis combining
both neutron and X-ray diffraction methods as well as static and
MAS solid-state NMR spectroscopy reveals a disorder of Si and
Li atoms within the tetrahedral voids of the ccp of P atoms. An
investigation of the negative nuclear density distribution via
MEM affords a clearer understanding of the lithium ion motion
within the crystal structure. The data show that the 3D lithium
ion diffusion involves both 4b and 8¢ lithium sites and that it
occurs preferably between face-sharing tetrahedral and octahe-
dral voids. The material shows an ionic conductivity of about 1.1
X 1073 S cm™" at 298 K, an electronic conductivity of 1.6 X 1077
S cm™" at 298 K, and an activation energy of 30—32 kJ mol ™.
Hence, compared to the related compound LigSiP, the
incorporation of supplementary lithium ions as well as the
structural change and the occurring cation disorder within the
structure result in considerably increased ionic conductivity,
higher mobility, and lower activation energy.'*"’

Since the first report of Li ion conductivity in lithium
phosphidotetrelates,'® the ionic conductivity in Li;4SiPg
reported here marks an increase over 2 orders of magnitude in
this system within three years. With only a moderate number of
known examples in hand, the reported conductivities almost
match those of well-established crystalline lithium ion
conductors,'® and a further enhancement of the ionic transport
via manipulation by chemical, electronic, and structural means is
anticipated. Further investigations on the electrochemical
stability and performance of Li;,SiPs and future, related
materials are necessary to provide information if this material
class is conceivable for application in all-solid-state batteries.
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Details of the crystal structure determination of Li14SiPs

Table S1. Atomic coordinates for Li14SiPs from co-refinement at 300 K.

wyckoff
atom . x y z s.o.f.
positions
P1 4a 0 0 0
Sil 8c 1/4 1/4 /4 0.08329(1)
Lil 8¢ 1/4 1/4 1/4  0.91527(1)
Li2 4b 12 0 0 0.50264(1)

Table S2. Anisotropic displacement parameters (A?) for Li14SiPs from co-refinement at 300 K.

atom U U2 Us3 U Ui  Un
P1 0.04001(1) 0.04001(1) 0.04001(1) 0.0 0.0 0.0
Sil 0.04957(1) 0.04957(1) 0.04957(1) 0.0 0.0 0.0
Lil 0.04957(1) 0.04957(1) 0.04957(1) 0.0 0.0 0.0
Li2 0.12027(1) 0.12027(1) 0.12027(1) 0.0 0.0 0.0

Table S3. Selected interatomic distances in Li14SiPs from co-refinement at 300 K.

atom pair d/ A atom pair d/ A

P1 | Sil/Lil 8< 2.5718(1) | Sil/Lil | P ax 2.5718(1)
L2 6x  2.9696(1) L2 4x  2.5718(1)

L2 | Sil/Lil 8x  2.5718(1) SI/Lil  6x  2.9696(1)
P1 6%  2.9696(1)
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Results of the Rietveld structure refinement of Li14SiPs via powder neutron diffraction at 4 K

Rwp =874

o Y,
Rexp =2.39 =
R =115 calc —
Bragg : | Bragg Positions
GOF =36 ) = yobs'ycalc

intensity / a.u.
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Figure S1. Rietveld analysis of the powder neutron diffraction pattern of Li14SiPs at 4 K. Red circles

indicate observed intensities Yobs, black lines show calculated intensities Ycale, blue lines reveal the

difference between observed and calculated intensities, and green marks indicate Bragg positions of

Li14SiPs and Nb (ampoule).
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Table S4. Details of the Rietveld structure refinement

measurements at 4 K.

of Li14SiPs from powder neutron diffraction

empirical formula

Li233S10.17P

T/K

formula weight / g mol ™!

space group (no.)

unit cell parameters / A

Z

viA3

peale. | g cm™3
20 range / deg
Ry

Rup

Rexp

X

GOF

RBrage

Ry

depository no.

4
51.86

Fm3m (225)
a=5.91566(6)

4

207.019(3)

1.664
9.0000-150.0000
0.0609

0.0874

0.0239

13.4

3.6

11.5

5.79
CSD-1915817
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Table S5. Atomic coordinates for Li14SiPs at 4 K.

wyckoff
atom . x ¥ z s.o.f.
positions
P1 4a 0 0 0
Sil 8c /4 1/4 1/4 0.0834(2)
Lil 8c /4 1/4 1/4 0916(2)
Li2 4b 12 0 0 0.505(7)

Table S6. Anisotropic displacement parameters (A?) for Li14SiPs at 4 K.

atom U U2 Us3 Us Ui Un

P1 0.0256(6)  0.0256(6) 0.0256(6) 0.0 0.0 0.0

Sil 0.040(2) 0.040(2) 0.040(2) 00 0.0 0.0

Lil 0.040(2) 0.040(2) 0.040(2) 00 0.0 0.0

Li2 0.131(9) 0.131(9) 0.131(9) 00 0.0 0.0

Table S7. Selected interatomic distances in L114SiPs at 4 K.

atom pair d/ A atom pair d/ A

P1 | Sil/Lil 8x 2.5616(1) | Sil/Lil | P1 4% 2.5616(1)
Li2 6x  2.9578(1) Li2 4% 2.5616(1)

Li2 | Sil/Lil 8%  2.5616(1) Sil/Lil  6x  2.9578(1)
P1 6% 2.9578(1)
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Results of the single crystal structure determination of Li14SiPe

Table S8. Crystallographic data and refinement parameters of Li1sSiPs from single crystal X-ray

diffraction measurements at 123 K.

empirical formula Li2.33S10.17P

formula weight / g mol ™! 51.86

crystal size / mm® 0.05 x 0.045 x 0.03

crystal color orange

T/K 123(2)

crystal system cubic

space group (no.) Fm3m (225)

unit cell parameters / A a=15.9253(7)

Z 4

V/A3 208.03(7)

Peale. | g cm™> 1.655

u/mm’! 1.347

F(000) /e 146

9 range / deg 5.963 —40.236
—-10<h <10,

index range (hkl) —-10 <k <10,
-10<7/<10

reflections collected 554

independent reflections 54

Rint 0.0146

reflections with 7> 20(/) 48

absorption correction multi-scan

data / restraints / parameters 54/0/5

goodness-of-fit on F? 1.191

R1, wR> (all data) 0.0513, 0.0900

Ri, wR2 [1>20(])] 0.0401, 0.0856

largest diff. peak and hole (e A ™) 0.442/—-0.528

depository no. CSD-1915822
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Table S9. Atomic coordinates for Li14SiPs.

wyckoff
atom » x y z s.o.f.
positions
P1 4a 0 0 0
Sil 8¢ /4  1/4 1/4 0.0833
Lil 8¢ /4  1/4 1/4 009167
Li2 4b 12 0 0 0.5
Table S10. Anisotropic displacement parameters (A?) for Li14SiPs.
atom U U2 Us3 Us Uiz U
P1 0.0267(7)  0.0267(7) 0.0267(7) 00 0.0 0.0
Sil 0.019(1) 0.019(1) 0.019(1) 0.0 0.0 00
Lil 0.019(1) 0.019(1) 0.019(1) 0.0 0.0 00
Li2 0.09(2) 0.09(2) 0.09(2) 00 00 00
Table S11. Selected interatomic distances in Li14SiPe.
atom pair d/ A atom pair d/ A
P1 | Sil/Lil 8x 2.5657(3) | Sil/Lil | P1 4% 2.5657(3)
Li2 6% 2.9627(4) Li2 4% 2.5657(3)
Li2 | Sil/Lil 8%  2.5657(3) Sil/Lil  6x  2.9627(4)
P1 6%  2.9627(4)
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Coordination polyhedra of Li14SiPs

In Li14SiP¢ the disordered atoms (Lil/Sil) are tetrahedrally coordinated by four P1 and four Li2 atoms,
each building up a cubic coordination sphere. The atoms Li2 are centered in a perfectly cubic arrangement
of mixed atoms Lil/Sil. In the second coordination sphere Li2 is octahedrally coordinated by six atoms

P1.

Figure S2. Coordination polyhedra of Si and Li atoms in the crystal structure of Li14SiPs according to a
single crystal structure determination at 123 K. The nearest neighbors of the atoms Sil/Lil and Li2 are
arranged in a highly symmetric cubic coordination. In the next nearest coordination sphere Li2 is

surrounded by P atoms in an octahedral arrangement.
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Phase width analysis

To investigate a possible phase width regarding the amount of lithium and silicon, respectively, a series
of powder X-ray diffraction measurements (Figure S3) followed by Rietveld refinements of the recorded
diffraction patterns were carried out. The stoichiometry of the compounds should correlate with the
applied amounts of the used reagents, and thus, are expected to be 1:1 (Li14SiPs : LisSiP4) for “Li11SiPs”,
1:1 (L114SiPs : Li3P) for “L117SiP7” and 1:2 (L114SiPs : Li3P) for “Li20SiPs”. The obtained values of the
corresponding primary-phase-to-side-phase ratios are in good agreement with the expected results. The
observed deviation could either be the result of various uncertainties during the measurement or the
refinement, or a phase width or solid solution may be present (Table S12). Considering the latter cases, a
high amount of Si within the structure causes a lower absolute number of atoms per formula unit and
entails additional short, covalent Si-P bonds, both resulting in a smaller unit cell. The cubic cell parameter
for L114S1Ps refined for the aforementioned samples is the largest in pure Li14SiPs, but slightly smaller for
the remaining three samples. Therefore a phase width at the LisP-rich side can be excluded, while at the
LisP-poor side a Si-enriched composition “Lii4-4xSii+xPs” seems to be possible. However, the extent of Si
enrichment without structural changes must be small, because even in “Li11SiPs” the lattice parameter is
close to that of Li14SiPe. It is also considerably larger than half of the LisSiP4 cell parameter, which would

correspond x = 0.5 in the composition stated above.

Analogous to the annealed samples the corresponding cell parameters of the reactive mixtures after ball
milling have been indexed. The cell parameters of the reactive mixtures are in general distinctly larger
than the corresponding parameters of the annealed samples. In combination with the crystalline, elemental
Si in the sample this could be a hint for a metastable solid solution with an even higher amount of lithium.
During the following annealing process the elemental Si is incorporated into the structure ending up in a

smaller unit cell caused by the emerging covalent Si-P interactions (Figure S4 and Table S13).
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Powder X-ray diffraction patterns and Rietveld refinement results
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Figure S3. Powder X-ray diffraction patterns of the reactive mixtures “Li20SiPs” (cyan), “Li17SiP7
(navy)”, “Li14SiPs” (black) and “Li11SiPs” (dark yellow) after annealing at 973 K for 6 h and subsequent
quenching. LisP (*), LisSiP4 (°) and WC (#) occur as side-phases. The calculated reflex positions and

corresponding intensities of Li14SiPs are shown in red.

Table S12. Rietveld refinement results of the reactive mixtures after annealing.

nominal product after relative portions of the
compositions | annealing obtained compounds

Li11SiPs Li14SiPs + LigSiP4 | 1.00(1) : 0.73(1); expected 1:1
L114S1Ps L114S1Ps 1.00(2)

Li17SiP7 Li14SiPs + LisP 1.00(1) : 1.10(3); expected 1:1
Li20SiPsg Li114SiPs + LisP 1.00(1) : 2.33(2); expected 1:2
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Figure S4. X-ray powder diffraction patterns of the reactive mixtures “Li20SiPs” (cyan), “L117SiP7
(navy)”, “L114SiPs” (black) and “Li11SiPs” (dark yellow) obtained via ball milling of the elements. LizP
(*), Si (+) and WC (#) occur as side-phases. The calculated reflex positions and corresponding intensities

of L114SiPs are shown in red.

Table S13. List of refined cell parameters of the reactive mixtures “Li11SiPs”, “Li14SiP¢”, “Li17SiP7” and

“Li20SiPs” before and after annealing.

nominal cell parameter cell parameter
composition after BM after annealing
Li1nSiPs 5.947(2) A 5.93291(8) A
Li14SiPe 5.957(3) A 5.9380(2) A
Li17SiP7 5.956(2) A 5.9361(1) A
Li20SiPs 5.961(2) A 5.9356(1) A

The cell parameters of the reactive mixtures have been evaluated via the “Index and Refine” WinXPOW
software-tool, and the cell parameters of the annealed samples have been determined by Rietveld

refinement executed with FullProf.
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Differential scanning calorimetry (DSC)

DSC analysis was carried out from room temperature to 1023 K. Starting from the crystalline, disordered
phase Li14SiPs leads to a strong and exothermal signal with an onset temperature of 790.9 K (Figure S5),
indicating the formation of LigSiP4 as seen during powder neutron diffraction at elevated temperatures.
However, the effect occurs at a much higher temperature compared to the above mentioned neutron
diffraction data. Hence, also the second, endothermal thermal effect with an onset temperature of 936.6 K
representing the reformation of Lii4SiPs appears deferred. As observed during supplementary
experiments, slow cooling of the sample induces the decomposition of the high-temperature phase into
LisSiP4 and LisP. However, in the DSC measurement, due to the relatively high cooling rate of 10 K min!
the decomposition of Li14SiPs is eluded, which was also observed in the neutron diffraction experiments.
This leads to a reappearance of the decomposition (onset temperature 746.2 K) as well as of the formation
signal (onset temperature 935.8 K) during the second heating cycle. The diffraction pattern of Li14SiPe

after the DSC measurement shows the preservation of almost phase-pure Li14SiPs. Only extremely weak

reflections of LisP and LisSiP4 are observed (Figure S6).
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Figure S5. DSC thermogram of Li14SiPe. The arrows and numbers indicate the onset temperatures of the

corresponding thermal effects.
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Figure S6. Powder X-ray diffractogram of crystalline L114SiPs (black) after DSC measurement. LisP (*)
and LigSiP4 (°) occur as side phases. The calculated reflex positions and corresponding intensities of

Li14SiPs are shown in red.
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°Li, 2°Si, and 3'P MAS NMR spectroscopy
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Figure S7. °Li MAS NMR spectrum of Li14SiPs. Spinning sideband marked by *.
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Figure S8. 2°Si MAS NMR spectrum of Li14SiPs.
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Figure S9. *'P MAS NMR spectrum of Li14SiPs (12 kHz). Spinning sidebands marked by *.

Regarding the 3'P MAS NMR spectrum recorded at 15 kHz the two broad, distinct signals are slightly
shifted (—227.3 and —314.9 ppm), and the ratio of the total integrated intensity of the two signals is 2.5:1
(Figure S10). These deviations are assumed to be a consequence of the extreme broadening of the signals.
The low intense signal at —272.7 ppm indicates the presence of small amounts of Li3P (—278 ppm) in both
spectra.[1, 2]

The *'P MAS NMR spectrum of LisSiPs after impedance spectroscopy and DC conductivity
measurements shows an additional signal at 9.9 ppm indicating the formation of phosphates during data

collection.[3-5]
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Figure S10. *'P MAS NMR spectrum of Li14SiPs (15 kHz). Spinning sidebands marked by *.
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Figure S11. 3'P MAS NMR spectrum of Li14SiPs (15 kHz) after impedance spectroscopy. Spinning
sidebands marked by *.
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Electrochemical impedance spectroscopy (EIS)

Cell setup

The impedance measurements were carried out using an in-house designed cell. The corresponding cell

setup is shown in Figure S12.

screws

pelletized sample

piston PTFE coated fabrics
gasket gasket PEEK screw insulations
P

dies upper current collector
EEK tube

casing
lower current collector
screw nuts

Figure S12. Explosion view of the cell assembly consisting of two stainless-steel current collectors, a
stainless-steel casing, a PEEK-tube, hardened stainless-steel dies and pistons, each comprising a gasket
for tightening the cell. The pressure is applied by fastening the six screws (including screw nuts) with a
certain torque. The screws are electrically insulated from the upper current collector by PEEK-insulation
tubes and PTFE coated fabrics (Fiberflon, Germany). The stainless-steel cap is for protecting the PTFE

coated fabrics (Fiberflon, Germany) from abrasion by the screws.
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Procedure and examination of cell tightness

The impedance analysis approach in this work comprises two different measurement types for each cell.
First, lithium ion conductivity at room temperature was measured inside an Ar filled glovebox. Secondly,
the cell was taken out of the glovebox and temperature dependent measurements were performed in a
climate chamber in order to determine EKEIS. Thereby, one cycle comprises heating the cell from 298 K
to 353 K and a subsequent cool down to 273 K. During a cycle, the impedance was measured two times
each at 298, 313 and 333 K (once during heating and once during cooling) and one time each at 353 and
273 K, as shown in Figure S13a. One complete measurement comprises four experimental steps: cycle 0,
which is the measurement at 298 K inside the glovebox, followed by cycles 1, 2 and 3, which are
temperature dependent measurements outside the glovebox according to the described temperature ramp.
The quality of the sealing of the cell against ambient air was evaluated by comparing ionic conductivities
of cycle 0 taken at 298 K inside the glovebox with the first 298 K measurement points of cycles 1-3 taken
outside the glovebox, marked by the red diamonds in Figure S13a. Comparing the thus obtained
conductivities, a slight decrease in conductivity is observed when operating the cell outside the glovebox
(= 8% over the course of = 34 h; see Figure 13b), presumably due imperfect cell sealing against ambient

air which might lead to the decomposition reactions of the solid electrolyte with ambient air. Hence, for

determining ERESS only cycle 1 of three independent measurements was used. In this case, the

experimental error in the conductivity due to cell leakiness was estimated to be approximately 8%,

compared to measuring under inert gas atmosphere.
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Figure S13. a) Temperature versus time profile of the lithium ion conductivity of Lii4SiPs in order to
assess the sealing quality of the cell against ambient air. Black diamonds represent impedance
measurements during heating and cooling cycles, red diamonds mark the points taken at 298 K, either still
within the Ar-filled glovebox (cycle 0) or at the beginning of subsequent temperature cycles (cycles 1-3)
during which the cell is exposed to ambient air. Individual cycles are indicated by numbers and separated
by dashed lines. b) Lithium ion conductivity progression from cycle 0-1 (at 298 K), including the relative

conductivity loss from cycle to cycle over the specified amount of time.
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Scanning electron microscopy (SEM)

In order to get an impression of the morphology of the material a Scanning electron microscope (JEOL
JSM-5900 LV) was employed. Both samples, a pellet fragment obtained by compressing of Li14SiPs in
the cell setup shown above (Figure S12) as well as a powdered sample, were fixed on a conductive carbon
tape (Plano GmbH) mounted on an aluminum stub. Preparation and transport to the device were carried
out under Ar. Only the transfer from the airtight container to the SEM vacuum chamber brought the
samples in contact with air for a short time. However, to minimize damage to the samples this unavoidable

step was performed as quickly as possible.

Figure S14. SEM images of Li14SiPs. a) Pellet compressed in the cell setup (Figure S12) and b) powdered

sample.
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DFT simulations (I): A supercell model for Li4SiPs

Despite its formally simple crystallographic description (three Wyckoff sites in the highly symmetric
space group Fm3m), the title compound has a rather intricate structure, because two of the sites show
mixed and/or partial occupations. In the conventional unit cell (as given by the refinement of the
diffraction data; Table 1), there are four formula units of Li233Sio.17P. However, to carry out first-
principles computations one needs to construct a discrete structural model in which all atomic positions
are fully occupied (thereby lowering the symmetry of the simulation cell to P1). We decided to construct
a 378-atom cell based on a 3x3x3 expansion (with a resulting lattice parameter of 17.74698 A), which
preserves the cubic cell shape and allows us to achieve an approximately even distribution of Si atoms.
The process is illustrated in Figure S15.

The distribution of Li atoms on the 45 and 8c sites was evaluated based on single-point DFT computations
(Figure S16), performed using CASTEP 8.0[6] and on-the-fly pseudopotentials. The Perdew-Burke-
Ernzerhof (PBE) functional[7] was employed to treat exchange and correlation. Reciprocal space was
sampled at the I" point, and a Gaussian smearing scheme with width 0.2 eV was applied. The electronic
convergence criterion was 1077 eV per atom. The cut-off energy was 500 eV, and an extrapolation scheme
was used to counteract finite-basis effects[8]. The most favorable occupation model (set as energy zero

in Figure S16) was used as a starting point for subsequent DFT-MD simulations.
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Figure S15. The construction of a discrete structural model to enable the computational modeling of
L114SiPs. a) The experimental structure, in which the 4a (occupied by P), 4b (half-occupied by Li) and 8¢
(mixed occupation of Li/Si) sites are relevant. b) Sketch of the three separate sublattices. The 4a site is
taken to be fully occupied (/eff), and for the moment we assume a fully random occupation on 4b (right),
using a random number generator. The 8c site is the most challenging one, as we need to distribute Li and
Si atoms on it, in a way that preserves the stoichiometric composition. ¢) Using a 3x1x1 expansion, the
correct composition (22 Li sites and 2 Si sites) can be achieved. d) In order to arrive at a cubic and more

isotropic structural model, we create a 3x3%3 expansion of the conventional unit cell as shown.
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Figure S16. Probing possible 8¢ — 4b intermixing of Li atoms, which is not observed in the refinement
at 7=4 K, but which is needed for the proposed conduction mechanism. a) Energy per atom from DFT
total-energy computations, given relative to the most stable structure, for an ensemble of 7 x 10 randomly
occupied structural models that differ in how the Li atoms are distributed on the 8c and 45 sites. b)

Simplified sketch rationalizing the preference for vacancies on 45 rather than 8¢ in the ground state.
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DFT simulations (II): Molecular dynamics simulations

MD simulations in the NVT ensemble were carried out using the mixed Gaussian and plane-wave DFT
approach as implemented in cp2k / Quickstep[9]. We used Goedecker-Teter-Hutter pseudopotentials[10]
and the local density approximation. The time step was 0.5 fs throughout. The temperature was controlled
using the canonical sampling through velocity rescaling thermostat[11].

Starting from the most favorable structural model determined by total-energy computations (see above),
MD simulations were performed subsequently at 300, 500, 700, 900, 1100, and 1300 K. These initial
simulations were run for 6 x 10000 steps (30 ps total), using single-{ basis sets and a cutoff energy of
200 Ry, and serve only to provide a reasonable initial structure for the subsequent simulation at 1023 K.
For the latter, we switched to optimized (“Molopt-SR”) double-( basis sets[12] and increased the cutoff
energy to 300 Ry. The system was thermostatted with a small time constant (t =10 fs) for 5000 steps
(2.5 ps), and a final production run was then performed with T = 100 fs for 10000 steps (5 ps).

Figure S17. Isosurface plot for mass density maps of Si (blue) and Li (gray) atoms. To obtain this
visualization, all atomic coordinates from the DFT-MD trajectory were translated back into the
conventional unit cell and collected over 100 equidistant snapshots. Periodic boundary conditions have
been switched off; therefore, only diffusion paths from and to the central 4b position are seen. The Si
density isosurface is shown with arbitrary scaling and centered on (% % ), the position on which Si
atoms are introduced in the computational structural model (Figure S15c¢). The positions of P atoms in the

idealized model (4a) and the boundaries of the conventional unit cell are shown as a guide to the eye

(purple).
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Results

3.2.2Reactivity of Lithium Phosphides with Ambient
Atmosphere

In this subsection we evaluate the reactivity of lithium phosphides with ambient air
using our in situ DRIFTS setup. For this, we use the lithium phosphidoaluminate LigAlP4
as a representative for this class of phosphide-based solid lithium ion conductors.'®®
Analogously to the above described lithium phosphidosilicates, the main building unit
are AlPs-tetrahedra, with Al instead of Si as central atom. Since these tetrahedra resemble
the PS4-units of lithium thiophosphates, we expect a similar susceptibility to hydrolysis
of the main building blocks.**6>15%186.187 Thig expectation has already been confirmed to

some extent by the observation of an exothermic decomposition of LigAlP4 in contact

with water and the release of a gas with the smell of garlic, which is most likely PH3.

Nevertheless, our aim is to probe the reactivity of lithium phosphides selectively
against the individual components of ambient air. Therefore, we exposed LigAlP4 to Oa,
1000 ppm CO2/Ar, water vapor in Ar and the combination of 1000 ppm CO2/Ar with
water vapor using the in situ DRITS setup described in section 2.3. Additionally, we
performed a measurement under Ar flow, as well as a baseline of the sample in “pristine”
conditions, i.e. under glovebox atmosphere. Figure 3.1 displays the DRIFT spectra of the
samples after a 2 h exposure to the indicated atmosphere followed by a 1 h Ar purge.
Hence the shown spectra were taken under pure Ar atmosphere, except from spectrum a
in Figure 3.1, which was taken under “glovebox atmosphere” with the cell connected to

the gas feed system but the valves still closed.

The spectrum under pristine conditions (black line, a) shows several features, many
of which we can explain by inevitable surface impurities. An overview of the observed
bands and their assignment to the respective modes and compounds can be found in Table
3.1. The sharp peak at 3670 cm™ can be attributed to LiOH.'®® The region from
1550 - 1420 cm™! features two main peaks, which are attributed to Li>»CO3.'*® The bands
at 810 cm™ and 650 cm™ can be assigned to the stretching vibrations of [AlO¢] and
[AlOs], respectively and the signal at 1070 cm™ to the Al-O stretching mode.!'3%-1%2
These vibrations can be assigned to Al-O-species such as AIO(OH) and/or Al,O3, which
most likely result from hydrolysis of the [ AlP4] units and the release of PH3. Furthermore,
we observe two signals at 2150 cm™ and at 495 cm™. The first cannot exactly be
attributed to a decomposition product but might be an overtone to the mode at 1070 cm”

1191 The second band at lower wavenumbers could be explained by a bending mode of

120



Results

[AlOgs], but since we observe both signals in reference measurements using attenuated
total reflection (ATR) mode, which is less surface-sensitive, the signals could possibly

also arise from the bulk sample itself and might be attributed to Al-P modes (ATR data

not shown).
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Figure 3.1: Selected spectra in reflectance units of the in situ DRIFTS experiments with pure LigAlP,4
according to the measurement procedure described in section 2.3. Arbitrary offset in the y-axis for better
visibility. (a) LisAlP4 under glovebox atmosphere with the cell connected to the setup but valves closed.
Spectra (b) — (f) are taken under Ar atmosphere after exposing the sample for 2 h to the reactive gas
(indicated in the plot) and a subsequent Ar purge for 1 h: (b) Ar, (¢) O (d) 1000 ppm CO; in Ar, (e)
humidified Ar (estimated dew point of Ty, ~13 °C corresponding to ~14700 ppm H,O in Ar), (f) 1000 ppm
CO; in humidified Ar (estimated dew point of 7g, ~13 °C corresponding to ~14700 ppm H»O in Ar). For
each reactive gas a separate and independent measurement with a fresh sample was performed. The spectra
under glovebox atmosphere (a) were collected prior to each experiment for all the samples; no difference
in their spectra was observable, so that only one representative is shown. Modes are indicated by numbers
and color coded regarding their origin: O-H (blue), -COs (orange), Al-O (black), P-H (violet) and Al-P
(gray, assumed). Please also refer to Table 3.1.

The spectrum under Ar flow (violet line, b) shows a slight increase of the LiOH
signal, which suggests a minor intrusion of water vapor into the system by connecting
gas feed system. However, the other signals stay unchanged, indicating a tight cell and
stable operation conditions. An exposure to pure oxygen (red line, ¢) does not lead to any
decomposition of LigAlP4. Exposing the sample to 1000 ppm CO2/Ar (green line, d)
leads to no (significantly) increased carbonate signals while the LIOH-band can be barely
seen. This indicates that the CO> converted the initially present LiOH to Li2COs3 but no
further carbonates are formed, since the carbonate formation is thought to take place only

via hydroxides.!%193:194
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Upon introducing water vapor into the system (blue line, e), several new features
arise and signal intensities from decomposition products increase significantly, such as
the LiOH band at 3670 cm™.!®® The region from ~3600 — 2700 cm! is a superposition of
various signals: the broad band at ~3400 cm™! can be attributed to adsorbed water on the
sample surface (i.e., the removal of water vapor by the subsequent 1 hour purge with dry
Ar appears to be incomplete) and to chemisorbed water in form of hydrates (e.g.,
AIO(OH) - xH20).!> Furthermore, the O-H stretching modes of AIO(OH) at ~3300
(asymmetric) and ~3100 cm™! (symmetric) are weakly indicted by small shoulders in the
broad water signal.!®191192 Typically, these two signals are very strong and prominent,
however, in this case they are clearly overlaid by the broad water band. In the region
from 1180 — 1000 cm™!, the observed signals strongly increase compared to the pristine
sample, indicating an extensive decomposition of the sample. In this region one expects
various modes of AIO(OH) at ~1180 cm™! (O-H asymmetric bending), and at ~1070 ¢cm’!
(O-H symmetric bending and Al=O stretching). Note that the Al=0O stretching mode is
known to shift depending on the crystal size of AIO(OH) (micro vs. nano particles) and
morphology (crystalline vs. amorphous), which might explain minor deviations
(<20 cm™) of this mode compared to the literature.'!°2 The O-H modes can also be
attributed to the presence of LiOH. Furthermore, in the region below 700 cm!, in which
several bending and deformation modes of Al-O are located, no distinct features can be
identified anymore, but the low signal intensity in this region indicates an extensive
absorption and hence confirms the presence of Al-O-species as decomposition
products.'! The feature at 1640 cm™ (H-O-H bending) could reveal adsorbed water on
an oxide surface due to an insufficient removal of the water vapor by the argon purge.'*
Chemisorbed water in form of a more strongly bound hydrate is usually located at lower
wavenumbers (~1600 cm™), but since we do not observe the typical bands for water in
the gas phase that appear between 3900 — 3600 cm™ and also between 1800 — 1300 cm™,
we believe the observed signal indeed corresponds to a chemisorbed water
species.!”*1%® In addition to the increased signals for AIO(OH) as a main decomposition
product, one distinct, new bands at 2380 cm™! was found. The signals can be assigned to
a P-H stretching vibration of Al-P-H.'2°! Hence, we think this feature can be attributed
to hydrolyzed [ AlP4] units with Al-P-H bond, similar the reported hydrolysis mechanism
of thiophosphates.®
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If CO; is present in combination with water vapor (turquois line, f) an extensive
formation of carbonates is observed, indicated by the duplet at ~1470 cm™ (asymmetric
stretching modes C-O at 1550 and 1420 cm™), 1080 cm™ (asymmetric stretching mode
C-0), and 870 cm™! (out-of-plane mode).?*? Surprisingly, the signals at O-H stretching

! are clearly smaller compared to spectrum e. It is not

vibrations around 1180 cm’
absolutely clear, whether there are indeed less hydroxy species present on the surface
due to extensive carbonate formation or if their intensity is decreased due to the formation
of complex aluminum hydroxy carbonate species, such as the hydrated basic aluminum
carbonate (Als(CO3)(OH)i3 - 5H20). On the other hand, Johannes Sicklinger showed in
his PhD thesis that the relative change in signal intensity for the use of undiluted samples
might not necessarily reflect the real increase of the formed surface species compared to

diluted samples.?®

In summary, the in situ DIRFTS experiments suggest Al-O and Al-OH species as
the main decomposition product of LigAlP4 when brought into contact with water vapor.
Note that the exact species could not be identified, therefore complementary analysis
such as XRD and XPS are recommended. Nevertheless, the finding of Al-O species
suggests a hydrolysis mechanism of the [AlP4] units similar to what is known for [PS4]
units in thiophosphates. In the latter case, the P-S-tetrahedra are hydrolyzed to
phosphates and thio-oxo-phosphates under the release of H>S. We also performed the
same experiments using LSPS and LPS and could find evidence for the presence of
phosphates by dominant P-O stretching modes around 1000 cm™ (data not shown).
Therefore, we believe this to be the hydrolysis mechanism of lithium
phosphidoaluminates. Analogously, the lithium phosphidosilicates are thought to
decompose to Si-O species in contact with water. However, based on the known structure
motifs of the compounds, this was not an unexpected finding. Attempts to quantify the
decomposition as a function of the exposure time were not successful, since the use of
undiluted samples does not allow for a quantitative evaluation of the spectra and the since

use of dilution media was not possible due to their interaction with water vapor.>%?
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Table 3.1: Overview of the observed bands in Figure 3.1 and their assignment to the various compounds

and vibrations modes.

Observed signal [cm™] Color code Vibration mode Reference
(a) assigned to LiOH blue 188
3670 O-H stretching
(b) assigned to HO blue 195
~3400 adsorbed / chemisorbed
1640 adsorbed/chemisorbed
(c) assigned to Li,CO3 orange 188,202
1550/1420 C-O asymmetric stretching
1080 C-O asymmetric stretching
870 C-O out-of-plane bending
(d) assigned to AIO(OH) / 189,191,192
AlLO;
3300/3100 blue O-H stretching
1180 blue O-H asymmetric bending
1070/1000 black Al=O0 stretching
810 black Al-O stretching
650 black Al-O stretching
(e) assigned to -Al-PH violet 199201
2380/2320 P-H stretching
(f) LisAlP4 (assumed) gray
2150 Unknown
495 Al-P stretching (assumed)

As a quantification of the solid decomposition products was not possible, another
approach was to assess the gaseous decomposition product PH3, since also the gas phase
over the sample is probed by the IR beam in DRIFTS. A quantitative analysis of PH3 is
possible, as the measured intensity in the gas phase is directly proportional to the

concentration of the compound according to the Lambert-Beer-law

A=log<i)= e-c-l (3.1)
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with the absorbance 4, absorptivity &, concentration ¢, and the pathlength / of the IR

beam.
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Figure 3.2: Spectra of the in situ DRIFT experiments with LigAlP4 in reflectance units. Spectra (a) and (e)
are the same as in Figure 3.1 and are recorded under glovebox atmosphere (a) and argon (1 h Ar purge
after 2 h exposure to water vapor, e). The dark blue spectrum labelled with “10 min H,O dosage” refers to
the same sample as in (e) but taken after 10 min during the exposure to water vapor. Smaller spectra on
the right are enlargements of regions where vibration modes of gaseous PHj3 are observed. Red lines are a
guide-to-the-eye.

Figure 3.2 shows the spectrum of LigAlP4 during the exposure to water vapor (dark
blue line, taken after 10 min prior exposure to ~1.4 vol.% H>O in Ar) as well as in the
pristine state (black) and after a 2 hour exposure to ~1.4 vol.% H20O in Ar and a
subsequent 1 hour purge with dry Ar (light blue). The bands between 3900 — 3600 ¢cm’!
and 1800 — 1300 cm™ can be assigned to water in the gas phase.'”® Additionally, the
bands at 3400 cm™ and 1640 cm™, which typically indicate adsorbed water, are
inverted.'”> We believe this is due to the fact that the water only absorbs on the gold
sputtered sandpaper used to record the background spectra, while no water is absorbed
on the sample since it instantaneously reacts with the SE. In this case, the intensity of the
background is smaller compared to the sample intensity, leading to reflectance values > 1
and to a band inversion. During the Ar purge, the adsorbed water is removed from the
Au surface and bands reinvert, as can be seen from spectrum (e). Therefore, the observed
band inversion is solely a measurement artifact during water dosage. Conveniently, the
bands for gaseous PH3 are outside the regions affected by band inversion and can be

investigated. In agreement with the literature, we observe the PHs; modes at ~2320 cm’!
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(two stretching vibrations at 2324 and 2318 cm™), 1120 cm™ (bending vibration) and
990 cm™ (bending vibration), as shown by the zoomed-in spectra plotted at the right-

hand-side of Figure 3.2.201:204

In future experiments, the PH3 signals could be recorded over time to determine a
reaction rate for the decomposition of LigsAlP4 with water vapor. Furthermore, the water
concentration could be varied by adjusting the vapor pressure either via the temperature
of the water through which the gas feed is bubbled or a variation of the water saturation
pressure by the use of concentrated salt solutions.?% In doing so, one could investigate
the threshold H>O concentration that can be tolerated without a significant decomposition
of the sample. Effectively, this simulates the required dew point of a dry-room. However,
we did not perform these experiments for two reasons: (i) The evolution of PH3 is a
surface reaction and thus strongly dependent on the BET-surface area of the used
material. Since the used LigAlP4 was synthesized in small batches, it was not possible to
precisely adjust the surface area to obtain meaningful results. (if) For a quantitative gas
phase analysis, experiments in transmission mode would be more suitable, since the
signal intensity and thus the resolution is better compared to DRIFTS. Furthermore, the
use of transmission mode allows to selectively investigate the gas phase without probing
the solid sample, so that an overlap of gas and solid phase signals and the resulting

inaccuracy can be avoided.

Overall, we conclude that the here conducted in situ DRIFTS measurements were a
valuable diagnostic method to identify various surface species on LigAlPs, confirming
the initially expected decomposition mechanism for the hydrolysis of the [AlP4] units. A
quantitative analysis of the solid decomposition products was not possible due to
experimental limitations of the technique. The quantitative evaluation of the gaseous
decomposition product PH3 is possible, however, other IR techniques might be more

suitable for this purpose than DRIFTS.
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4 Conclusions

Summarized in one sentence, the main objective of this PhD thesis was to lay the
foundation for a new sub-group on ASSB research within the group at TUM. Initially,
only little experience and no cell hardware for material or electrode testing existed in our
group at the beginning of this PhD thesis. Thus, one dedicated aim was to develop
appropriate cell hardware and to fully understand its usage in order to exclude
experimental artifacts due to improperly designed ASSB cells. In addition, the
preparation and characterization of slurry-processed cell components was investigated in
order to facilitate the transition from pellet-type to sheet-type cell systems. The main

findings are graphically summarized in Figure 4.1.

The development of the cell generations 1 — 3 is described in Section 2.1. In total,
three different cell generations were developed and thoroughly validated. For this, we
compared different sealing concepts such as O-ring (Gen 1 cell) and PTFE flat-seals
(Gen 2 cell). We observed O-rings to not provide a sufficiently airtight sealing if they are
not actively compressed. Using PTFE flat-seals instead, the cell could be sealed tightly,
enabling long-term measurements with air-sensitive materials outside the glovebox. We
provide essential calculations and considerations to properly design the dimensions of
the cell components. Furthermore, different concepts for the pressure application are
explored. Using screws, high pressures of several hundreds of MPa for small samples
(8 mm diameter) can be achieved. We discuss the correlation between the applied torque
and the expected pressure, but also show that while the pressure cannot be precisely
determined by calculating it from the applied torque, it can be sufficiently good
estimated. If the force is applied via a defined compression of springs, as it is the case
for the Gen 2 and 3 cells, the pressure can be precisely adjusted, but the maximum
applicable pressure (100 MPa) is significantly lower for the same sample dimension due
to the commercially available springs. Lastly, we identify the stray capacitance for each
cell design, which results from its components and is connected in parallel to the
impedance response of the sample (i.e., it adds to the capacitance of the sample).
Depending on its magnitude, the stray capacitance can have a significant influence on

the performed impedance measurements. For the Gen 1 cell we found the stray
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capacitance to be on the order of ~107'° F, which is the same order of magnitude as
expected for polycrystalline SE materials and consequently has to be considered in the
data analysis. Knowing the contribution of the individual cell components to the overall
value, the stray capacitance could be decreased by one order of magnitude to ~10"'! F for
the Gen 2 cell. Consequently, the influence is negligible for sheet-type separators and

electrodes, since their capacitance is a few orders of magnitude larger.
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Figure 4.1: Graphical summary of the key ASSB cell developments and their use for ASSB material
characterization and battery testing done in this PhD thesis. Section 2.1 described the design and validation
measures for the sealing concept, pressure application, further geometric requirements and of the stray
capacitance for the three different cell generations developed during this PhD thesis. Afterwards, we
developed a slurry-based process in toluene to prepare SE/HNBR composite separator-sheets and
characterized them in terms of porosity and conductivity using the spring cell setup (subsection 3.1.1).
Using these sheets, we were able to prepare ASSB pouch cells, which allowed us to integrate a
micro-reference electrode. By the use of half-cell potential and impedance measurements via the reference
electrode, we were able to identify constraints for the use of indium-lithium electrodes (subsection 3.1.2).
In parallel to the work on application-oriented sheet-type cell components based on sulfide SEs, we
performed fundamental material characterization on the solid ion conductor class of the lithium
phosphides. Using the screw cell, we determined the ionic conductivity of the most lithium-rich lithium
phosphidosilicate Li;4SiPs (subsection 3.2.1). Furthermore, we performed IR spectroscopic investigations
on the reactivity of the lithium phosphidoaluminate LiyAlIP4 with components from ambient atmosphere to
assess its atmospheric stability and its possible decomposition mechanism (subsection 3.2.2).
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The study on the preparation of sheet-type composite separators is presented in
Subsection 3.1.1. There, we report a slurry-based process in toluene to fabricate thin and
flexible composites of an LPSCl and HNBR binder. The resulting sheets have a thickness
of ~120 um and a porosity of ~50% in their as-prepared state. We determined the sheet
conductivity at a cell pressure of 70 MPa using Gen 2 cell and observed that the
conductivity of a sheet with ~8 vol.-% HNBR is reduced by a factor of three compared
to the pristine powder. Furthermore, we also prepared sheets from LPS-711 and LSPS
and could show that the decrease in conductivity is independent from the used solid
electrolyte but merely a function of the volumetric binder content. Lastly, we investigated
the influence of fabrication and operating cell pressure on the determined sheet-

conductivity.

With the ability to prepare LPSCI/HNBR sheets, we used these composite separators
to make the transition from pellet-type cells to pouch cells (Gen3 cell). In
Subsection 3.1.2, we present a study on the integration of a micro-reference electrode
(u-RE) into an ASSB pouch cell. Thereby, we sandwiched a thin, electrically insulated,
gold wire (64 pm diameter) between two separator-sheets. Upon compression, the gold
wire is firmly embedded into the separator. Subsequently, the gold wire was
electrochemically lithiated forming a lithium-gold alloy with a stable potential of
~0.31 V vs. Li"/Li. We showed that artifact-free half-cell impedance spectra can be
obtained in a Li|Li symmetric cell. Furthermore, we investigate the widely used In/InLi
electrode. In doing so, we prepared electrodes by stacking and compressing of an In and
a Li foil in the atomic ratio of ~76:24. The resulting electrode features two optically
different faces, of which we believe one to consist of a solid solution of a small
concentration of Li (~1 at.%) in In and the other of In-Li alloy. We prepared cells with
a pure indium counter electrode and with the In/InLi electrode in both configurations
(i.e., facing the SE separator with either the In or the In-Li-side) and could show by using
the u-RE that the two sides of the prepared In/InLi electrodes show electrochemically

different behavior, which was not expected according to the literature.

In Section 3.2, we present the work from a cooperation project with the Chair for
Inorganic Chemistry with Focus on Novel Materials, the group of Prof. Thomas Fissler
at TUM. By this group, a new class of solid lithium ion conductors, namely lithium
phosphides, was developed. In Subsection 3.2.1 a study on the synthesis of Li14SiPs is

shown. Using Gen 1 cells, we determined the ionic conductivity to ~1.1 x 10 S cm™ at
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room temperature and the activation energy for the lithium ion transport to ~32 kJ mol’!
(~0.33 eV) by means of impedance measurements. Complementary studies by static
’Li NMR experiments revealed an activation energy of ~30 kJ mol™! (~0.31 eV), which

is in fairly good agreement with the values obtained by impedance experiments.

Lastly, we investigated the reactivity of the lithium phosphidoaluminate LigAlP4
with ambient atmosphere components (O, CO2, H>0) via IR spectroscopy, as presented
in Subsection 3.2.2. We modified the sampling cell of the IR spectrometer in a way that
allows us to dose different gases. In doing so, we probed the reactivity of LioAlP4 with
02, CO2, H2O-vapor, and a combination of CO> + H>O-vapor. While no reactions with
pure oxygen or carbon dioxide were observed, substantial LigyAlP4 decomposition was
observed in the presence of water vapor. We could identify PH3 as a gaseous
decomposition product as well as the formation of -OH, -PH, -AlO and -COs3 (in the case
of CO2 + H;0 vapor) species on the LigAlP4 surface. Considering [AlP4]-units as the
main structure motifs, we suggested a hydrolysis of the AI-P bond as the main

decomposition pathway, similar to what is known from the [PS4]-units in thiophosphates.
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Figure 1.1: Schematic illustration of the main components and operation principle of a
Li-ion battery (LIB). The cathode (positive electrode, right) consists in this case of
LiCoO> (LCO) as cathode active material containing the Li-ions (red), which migrate
through the electrolyte towards the anode (negative electrode, left), at which they
intercalate into the graphite. The electrons travel via an external circuit, which a load is
connected to, from cathode to anode and recombine with the lithium ions. Upon
discharge, all processes are reversed. The figure is reprinted from Hausbrand et al.!?
under a Creative Common BY-NC-ND 3.0 license. 4

Figure 1.2: Schematic illustration of a sheet-type, sulfide ASSB and its components: L.
Metal anode on a copper current collector. 1. Separator-sheet consisting of a sulfide solid
electrolyte (dark yellow particles) and a polymeric binder (gray lines). III. Composite
cathode coated on an aluminum current collector consisting of a CAM (gray particles),
sulfidic catholyte (yellow particles), polymeric binder (gray lines) and conductive
additive (black lines). Note that in this illustration a bimodal particle size distribution for
the catholyte is used. Sulfidic electrolytes in separator and cathode are displayed in
differently shaded colors since the used SEs in separator and composite cathode must not
necessarily be the same. Dimensions of the electrodes are not drawn to scale.
Compression effects such as particle rearrangement or deformation are neglected for
simplicity. 11

Figure 2.1: Exploded-view drawing of the first cell generation, showing and labelling all
components and describing the main characteristics of the cell. Adapted with permission
from Strangmiiller et al.!?®. Copyright 2019 American Chemical Society. 18

Figure 2.2: Drawing and main characteristics of the second cell generation in side (a) and
sectional view (b) with, showing and labelling all components. Reproduced from
Sedlmeier et al.'*’ with permission from J. Electrochem. Soc. under the terms of the
Creative Commons Attribution 4.0 License. 19

Figure 2.3: Drawing and main characteristics of the third cell generation. (a) Assembled
pouch cell in the home-made stainless-steel pouch cell holder. Pressure is applied by the
defined compression of six springs. (b) Exploded-view drawing of the pouch cell
assembly, in this case a symmetric In/InLi | In/InLi cell with a p-RE using two
LPSCI/HNBR separator-sheets. Since it is a symmetric cell, all cell compounds are
labelled only once. Note that the very thin (64 um), wire-shaped micro-reference
electrode (u-RE) reaches to the middle of the separator-sheets but is difficult to see, as
all cell parts are displayed in the correct dimensions. Also note that the pouch bag is not
sealed in this illustration. Many thanks to Philip Rapp for the graphical processing of the
technical drawings. Printed with permission from Philip Rapp. 20

Figure 2.4: Leak test of the generation 1 cell with water vapor sensitive LigSiPy,
conducted by monitoring the impedance evolution over the course of 16 hours. One
spectrum (7 MHz — 1 Hz, 10 mV perturbation voltage) is recorded every 2 hours. Cells
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were assembled inside an argon filled glovebox at 25°C and measured under ambient
atmosphere in a temperature chamber at 25°C. Screws were fastened with 30 Nm torque
each. The cell, which is tightened by two O-rings applied to the ungreased pistons (a)
leaks over time, indicated by the continuous increase in impedance, whereas additional
greasing of both pistons (b) ensures a firm sealing over the course of 16 hours. The
electrolyte resistance Rsg, obtained by an R/Q+Q fit of the spectrum, is displayed versus
time in (c) and (d) using non-greased and greased pistons, respectively. Note that the
amount of sample is different for both cells and hence also the total resistance. The
dashed line in (d) is a guide-to-the-eye. 22

Figure 2.5: Setup for the vacuum leak test of the PTFE flat-seal in the generation 2 cell.
The steel bellows is attached to the empty cell body with a 340 pm thick PTFE flat-seal
(compressed to 10% yield point). The bellows is attached to the steel line by a copper
knife-edge gasket. All connections and valves in the experimental setup are connected
via Swagelok® line fittings (a). Recording of the pressure in the experimental setup over
the course of 70 hours after evacuation to ~0.5 mbar (b). For the blank measurement
(blue line), the connection of the line with the steel bellows was closed with a blind plug.
The measurement to evaluate the sealing properties of the PTFE flat-seal is displayed in
ocher. Note that no data points were taken in the interval between 24-70 hours. 24

Figure 2.6: Lithium ion conductivity for an LSPS sample determined from EIS
measurements conducted in a generation 1 cell inside a glovebox at 26°C. The
conductivity is plotted against the torque 7., which each of the six screws was fastened
with. The corresponding calculated pressure (pcalc) for each torque is displayed on the
upper x-axis and was calculated according to equation (2.1). Error bars correspond to the
min/max values of two measurements with the same cell. 27

Figure 2.7: Illustration of the geometric effects that we faced during designing and
validation the spring cell. Both phenomena have a negative impact on the contacting
between the die (gray) and a rigid solid electrolyte (SE) sample (ocher). Important
parameters to consider are the diameter of the die d, the deviation upon manufacture a,
the angularity a, and the sample thickness ¢, as well as the surface roughness Ra.. 32

Figure 2.8: Contributions to the calculated stray capacitance of the screw cell. Positions
where the capacitors are located in the cell are marked by colored boxes and assigned to
the respective cell parts. The capacitor indicated by the orange box is found for all six
screws in the cell. For better visibility, cell components which are electrically connected
are displayed in the same shade of gray. An exploded-view drawing of the cell is shown
in Figure 2.1. 33

Figure 2.9: Illustration of an EIS spectrum for the conductivity determination of three
stacked LSPS/HNBR (5.8 vol.-% HNBR) separator-sheets, measured in the spring cell
at 70 MPa and 25°C in a frequency range from 7 MHz — 100 Hz. Data points (black
circles) are displayed in a frequency range from 7 MHz — 10 kHz. The fit (blue line) was
obtained by fitting the data with an R1+R./0>+(Q5 equivalent circuit, as displayed. The
ocher line results from a linear fit of the low-frequency tail between 30 — 4 kHz, which
was extrapolated to the x-axis. The high-frequency resistance Rurr (green) represents a
superposition of the cell resistance and the grain bulk resistance Rgrin. For the latter we
expect an R/Q element, which however cannot be resolved at the used frequency and
temperature. The blue semi-circle illustrates the grain boundary resistance Rgp. Note that
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the green and blue features are manually added but their magnitude is in scale to the
values obtained by the fit. The values for the solid electrolyte resistance Rsg determined
via the equivalent circuit fit and the one obtained by the extrapolation of the linearly
fitted low-frequency tail deviate by ~1%. Sample thickness is 0.026 cm and sample area
0.50 cm?. 40

Figure 2.10: Illustration of an exemplary Arrhenius plot of the product of conductivity
and temperature (o - 7) versus 1000/7 and linear fit of the data points for Li14SiPs. Error
bars are based on the standard deviation from three independent measuremen ts. The
activation energy Ea for lithium ion conduction in units of [kJ - mol™'] is obtained from
the slope m of the linear fit and the universal gas constant R. 42

Figure 2.11: Setup for in situ DRIFTS measurements exposing powdered solid
electrolyte samples to of various gas atmospheres containing different components of
ambient atmosphere. The gas mixture can be adjusted by mixing gases from different
sources using Ar as carrier gas: 1000 ppm CO> in Ar (green), Ar (violet) and O (red);
via the humidifier, it is possible to introduce water vapor into the system. The gas tight
DIRFTS cell, which contains the sample, is placed in the IR spectrometer. Symbols of
the components are explained on the right. Reprinted from Christian Sedimeier’s
Master’s thesis.!>? 43

Figure 3.1: Selected spectra in reflectance units of the in situ DRIFTS experiments with
pure LigAlP4 according to the measurement procedure described in section 2.3. Arbitrary
offset in the y-axis for better visibility. (a) LioAlP4 under glovebox atmosphere with the
cell connected to the setup but valves closed. Spectra (b) — (f) are taken under Ar
atmosphere after exposing the sample for 2 h to the reactive gas (indicated in the plot)
and a subsequent Ar purge for 1 h: (b) Ar, (c) Oz (d) 1000 ppm CO; in Ar, (e) humidified
Ar (estimated dew point of 7ap ~13 °C corresponding to ~14700 ppm H2O in Ar), (f)
1000 ppm CO; in humidified Ar (estimated dew point of 7y, ~13 °C corresponding to
~14700 ppm H>O in Ar). For each reactive gas a separate and independent measurement
with a fresh sample was performed. The spectra under glovebox atmosphere (a) were
collected prior to each experiment for all the samples; no difference in their spectra was
observable, so that only one representative is shown. Modes are indicated by numbers
and color coded regarding their origin: O-H (blue), -CO3 (orange), Al-O (black), P-H
(violet) and Al-P (gray, assumed). Please also refer to Table 3.1. 121

Figure 3.2: Spectra of the in situ DRIFT experiments with LigAlP4 in reflectance units.
Spectra (a) and (e) are the same as in Figure 3.1 and are recorded under glovebox
atmosphere (a) and argon (1 h Ar purge after 2 h exposure to water vapor, ¢). The dark
blue spectrum labelled with “10 min H>O dosage” refers to the same sample as in (e) but
taken after 10 min during the exposure to water vapor. Smaller spectra on the right are
enlargements of regions where vibration modes of gaseous PHj; are observed. Red lines
are a guide-to-the-eye. 125

Figure 4.1: Graphical summary of the key ASSB cell developments and their use for
ASSB material characterization and battery testing done in this PhD thesis. Section 2.1
described the design and validation measures for the sealing concept, pressure
application, further geometric requirements and of the stray capacitance for the three
different cell generations developed during this PhD thesis. Afterwards, we developed a
slurry-based process in toluene to prepare SE/HNBR composite separator-sheets and
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characterized them in terms of porosity and conductivity using the spring cell setup
(subsection 3.1.1). Using these sheets, we were able to prepare ASSB pouch cells, which
allowed us to integrate a micro-reference electrode. By the use of half-cell potential and
impedance measurements via the reference electrode, we were able to identify constraints
for the use of indium-lithium electrodes (subsection 3.1.2). In parallel to the work on
application-oriented sheet-type cell components based on sulfide SEs, we performed
fundamental material characterization on the solid ion conductor class of the lithium
phosphides. Using the screw cell, we determined the ionic conductivity of the most
lithium-rich lithium phosphidosilicate Li14SiPs (subsection 3.2.1). Furthermore, we
performed IR spectroscopic investigations on the reactivity of the lithium
phosphidoaluminate LigAIPs with components from ambient atmosphere to assess its
atmospheric stability and its possible decomposition mechanism (subsection 3.2.2). 128
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