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Abstract: This review article delves into the growing field of solid-state batteries as a compelling alternative to
conventional lithium-ion batteries. The article surveys ongoing research efforts at renowned Swiss institutions
such as ETH Zurich, Empa, Paul Scherrer Institute, and Berner Fachhochschule covering various aspects, from
a fundamental understanding of battery interfaces to practical issues of solid-state battery fabrication, their de-
sign, and production. The article then outlines the prospects of solid-state batteries, emphasizing the imperative
practical challenges that remain to be overcome and highlighting Swiss research groups’ efforts and research

directions in this field.
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1. Introduction

Lithium-ion batteries (LIBs) have become a leading electro-
chemical energy storage technology, which demonstrated remark-
able progress in volumetric and gravimetric energy densities over
the last decade, reaching ca. 770 Wh L-" and 260 Wh kg™!, respec-
tively. Nevertheless, despite these advances, conventional LIBs
inevitably approach their energy density limit, prompting the
search for alternative energy storage concepts that can overcome
the physicochemical limitations of LIBs.[!l Solid-state batteries
(SSBs) utilizing solid-state electrolytes (SSE) paired with Li met-
al anodes stand out as a compelling alternative, with the potential
to achieve higher energy densities and power densities, motivat-
ing an immense academic research effort across the globel>-91 as
well as by major industrial players (Samsung, CATL, VW, Toyota,
Ford, BMW, and Mercedes-Benz) and smaller companies (Solid
Power, QuantumScape, Swiss Clean Battery and Eightlnks are
actively engaged in the development of SSBs).

Given the dynamic advancements in SSB technology and its
anticipated global significance, this review article offers insights
into ongoing research endeavours in this field. Specifically, it fo-
cuses on elucidating the research activities currently underway at
Swiss institutions, including ETH Zurich, Empa, Paul Scherrer
Institute (PSI), and Berner Fachhochschule. The article starts with
a brief overview of SSB principles and key performance indica-
tors, followed by a discussion of research activities conducted by
various research groups working on SSBs in Switzerland, such as
Functional Inorganic Materials (FIM Lab, ETH Zurich/Empa),
Materials for Energy Conversion (MEC Lab, Empa/ETH Zurich/
EPFL), Battery Materials and Diagnostics (BMD group, PSI),
Thin Films and Photovoltaics (Empa), and Process Optimization
in Manufacturing (Berner Fachhochschule). Finally, the article
provides an overview of the prospects for SSBs and emphasizes
directions for further research and practical obstacles that remain
to be explored.

2. The Working Principle of SSB and Key Performance
Metrics

In short, the schematics of SSBs closely resemble that of LIBs
(Fig. 1), with a key distinction: the liquid electrolyte, acting as a
transport medium for lithium ions between the positive and neg-
ative electrodes, is replaced by its solid counterpart. During the
charging process, the positive electrode undergoes oxidation, re-
leasing Li ions that migrate through the solid electrolyte to the
negative electrode, where they are reduced to form metallic lithi-
um. The opposite processes occur during discharge.

Notably, substituting the liquid electrolyte with a solid coun-
terpart does not enhance the battery’s energy density. In fact, its
gravimetric energy density may even decrease due to the higher
density of solid electrolytes compared to liquids. Therefore, in-
tegrating solid electrolytes into LIBs becomes compelling only
when high charge-storage capacity anodes, such as thin lithium
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Fig. 1. Schematics of a solid-state Li metal battery. Adapted from
ref. [16] Springer Nature.
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metal (5—10 um), replace conventionally used graphite anodes and
when manufacturing bipolar SSB stacks to downsize the packag-
ing. It is also imperative to iterate that the intricate challenge of
integrating SSEs into LIBs as a replacement for liquid electro-
lytes necessitates a simultaneous consideration of multiple crucial
performance metrics. These metrics encompass the energy and
power density of the targeted SSBs, their long-term stability, cycle
and calendar life, safety considerations, and the cost per kWh of
energy stored. For a detailed overview of the different families of
solid-state electrolytes along with the challenges associated with
their employment in SSBs, the reader is referred to some excellent
reviews elsewhere.l10-15]

2.1 The Research Activities in the Functional Inorganic
Materials group (Empa/ETHZ)

While SSBs have garnered considerable attention, there re-
mains a lack of consensus within the research community regard-
ing the optimal configuration of SSBs and the choice of SSEs to
be used in conjunction with Li metal. For example, when consid-
ering solely the Li-metal-based anode aspect of SSBs, there are
divergent opinions regarding its design, which ultimately must
be addressed:['7] (i) the dynamic expansion and shrinkage of Li
metal (ranging from 5-25 um for an area capacity of 1-5 mAh
cm™); and (ii) the pertinent challenge of void formation at the
Li/solid-state electrolyte interface. As to the latter, it should be
noted that experimentally, it has been demonstrated that the for-
mation of voids at the Li/SSE interface occurs while Li is being
stripped.[18:191 Consequently, this leads to the reduction of the Li/
SSE contact area and the increase of the local current densities
at the Li/SSE interface during the subsequent Li plating.[20-22]
The void formation can, therefore, induce Li dendrite formation
at much lower current densities than those required for dendrite
formation in the unstripped Li/SSE interface.

Initially, it was proposed that the challenges of volume chang-
es and void formation could be addressed by applying pressure
at the interface between the SSE and lithium.[23-26] However, em-
ploying pressure unavoidably introduces non-active components
into the battery design, consequently lowering the energy density.
Moreover, external stack pressure is regarded as a double-edged
sword, as it can accelerate cell failure by subjecting the SSE to
heightened mechanical stress, thereby initiating crack propaga-
tion.[1427] In this context, a novel scaffold-type design for the an-
ode side of SSBs has recently been extensively investigated by the
FIM group (Maksym Kovalenko and Kostiantyn Kravchyk).[28-31]
This design uses Li La,Zr,0,, (LLZO) as the solid-state electro-
lyte due to its high chemical stability with metallic lithium, high
ionic conductivity (up to 1 mS cm™ at RT), and low electronic
conductivity (ca. 10 S cm™ at RT).132 The scaffold-like architec-
ture of LLZO shows promise in addressing two key challenges:
the dynamic volume changes of the Li anode and the formation
of voids (Fig. 2a). During Li deposition, the porous structure of
LLZO allows for Li storage within its pores, thus mitigating dy-
namic changes in cell volume. Additionally, the larger surface
area of the LLZO/Li interface in the scaffold compared to dense
LLZO membranes helps prevent void formation during stripping.
Another significant advantage of porous LLZO structures is their
potential to reduce the likelihood of Li dendrite formation and
voids at the LLZO/Li interface, owing to the larger contact area
between Li and LLZO compared to flat LLZO/Li interfaces.

In addition to designing SSEs to support effective Li plating/
stripping at the negative electrode, the FIM group has addressed
another crucial aspect of practical importance: developing a meth-
odology for large-scale fabrication of porous SSEs in the form of
thin LLZO membranes.3!-31 As indicated in the recent work!!7]
conducted by the FIM group, employing LL.ZO SSEs with a thick-
ness of < 100 um and a porosity of > 20% is essential to achieve
a volumetric energy density comparable to conventional Li-ion
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Fig. 2. (@) Schematics of the charging process of Li-garnet solid-state
batteries based on dense/porous LLZO membranes. (b, ¢) Calculated
volumetric energy densities of Li-garnet SSBs based on porous (b) and
dense/porous (c) LLZO membranes vs the thickness and porosity of
the porous LLZO layer. Reproduced with permission ref. [17]. Copyright
2022, The American Chemical Society.

batteries. For instance, in a hypothetical all-solid-state system
utilizing LLZO with conventional LiCoO, (LCO) cathode, the
employment of LLZO membranes with a thickness of 85 um and
a porosity of > 20%, combined with cathodes of 3.5 mAh cm™, is
necessary to attain an energy density of 700 Wh L' (Fig. 2b). To
achieve higher energy densities of 900 Wh L', LLZO membranes
should be even thinner and have higher porosities of 40 um and
40%, respectively. Notably, as shown in Fig. 2c, the use of porous
LLZO membranes with a 10 um thin LLZO layer, which acts
as an additional protective layer to reduce the probability of the
short circuit, the overall porosity and the thickness of the porous
part of LLZO membranes should be even higher and thinner, ac-
cordingly.

Considering these factors, the FIM group has developed po-
rous LLZO membranes with minimal thicknesses of ca. 35 um
and a porosity of around 50%.128] Importantly, these membranes
also feature a thin upper dense part, serving as an additional pro-
tective layer to mitigate potential short circuits during cell charg-
ing. Furthermore, in addition to employing conventional synthesis
methods for sintering LLZO, the FIM group is actively engaged in
developing a cost-effective fabrication methodology for sintering
LLZO membranes. In this pursuit, the group recently devised an
ultrafast sintering (UFS) method capable of sintering membranes
as fast as within one minute.3] The scheme of the customized
ultrafast sintering setup and the microstructure of LLZO mem-
branes before and after UFS are shown in Fig. 3. Among various
alternative approaches for low-cost sintering of LLZO, this UFS
method stands out as particularly promising. Besides reducing
sintering times from hours to seconds, one achieves better control
over Li stoichiometry and LLZO microstructure. Moreover, UFS
is regarded as a scalable roll-to-roll sintering process, which holds
significant potential for streamlining the eventual commercializa-
tion of SSBs comprising LLZO electrolytes.

Apart from the work on designing the architecture of LLZO
solid-state electrolytes and their fabrication methodology, the
poor wettability of LLZO by lithium metal has also been a focus
of research for the FIM group. This issue is primarily attributed
to the presence of a Li-ion-insulating layer on the LLZO surface,
consisting of LiOH and Li,CO,.3* The existence of this layer be-
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Fig. 3. (@) Schematics of the custom-made ultrafast sintering setup and
(b, c) the configuration of the sintering zone. (d, e) Cross-section SEM
images of bilayer dense-porous LLZO membranes before (d) and after
(e) ultrafast sintering. Reproduced with permission ref. [30]. Copyright
2023, Cell Press.

tween LLZO and Li metal has significant implications for the elec-
trochemical performance of Li-garnet SSBs.35-391 Specifically, it
leads to an increase in the interfacial resistance between Li and
LLZO, resulting in high-voltage polarization during Li plating/
stripping. Moreover, it may contribute to the formation of Li den-
drites due to the uneven distribution of applied current density. To
address the challenge of poor LLZO wettability by lithium metal,
the FIM group has conducted extensive investigations into the
use of Sb as an interlayer between LLZO and Li.[0l It has been
found that Sb can reduce the interfacial resistance between Li and
LLZO and enhance the efficiency of Li plating/stripping at the
interface. The key factor enabling efficient Li plating/stripping
on the Sb-coated LLZO surface is the formation of a Li-Sb alloy,
which facilitates effective Li-ion and electronic conduction at the
Li/LLZO interface while effectively preventing the formation of
voids and Li whiskers during Li plating/stripping.

In concluding this brief overview of the work conducted in the
FIM group on SSBs, we note that the current objective is to de-
velop a dual solid-state electrolyte battery concept, incorporating
a reductively stable LLZO electrolyte on the Li anode side and a
highly Li-ion conductive argyrodites-type Li PS X (X = Cl, Br, I)
sulfide-based electrolyte on the cathode side. This innovative sol-
id-state concept, combining LLZO and sulfide-based electrolytes,
holds the potential to maximize both the high energy and power
density of SSBs.

2.2 The Research Activities in the Laboratory Materials
for Energy Conversion (Empa/ETHZ/EPFL)

SSBs with lithium metal and sodium metal anodes have been
investigated in the laboratory Materials for Energy Conversion
(MEC, Corsin Battaglia) since its inception in 2014. In an earlier
study, the lab compared lithium and sodium metal dendrite forma-
tion at the Li/LLZO and Na/Na-f"-alumina interface.*!l Na-f"-
alumina is an archetypical solid ion conductor, already deployed
in commercial high-temperature sodium-nickel-chloride and so-
dium-sulfur batteries, with high chemical stability in contact with

sodium metal and an ion conductivity exceeding 1 mS cm™ at
room temperature.

A practically negligible interfacial resistance < 10 Ohm cm?
was achieved at the Li/LLZO and Na/Na-f"-alumina interface by
heating LLZO and /Na-B"-alumina to 900 °C in argon and bring-
ing them into contact with lithium and sodium metal, respective-
ly, after cool down.[*142] Interestingly, stripping plating experi-
ments in symmetric Li/LLZO/Li and Na/Na-f"-alumina/Na cells
showed that the current density at which dendrites form is roughly
a factor of 10 higher for the Na/Na-f"-alumina/Na cells than for
the Li/LLZO/Li cells as shown in the Arrhenius plot in Fig. 4a,
qualifying Na/Na-f"-alumina for fast charging applications. The
same data is shown in Fig. 4b as a function of the homologous
temperature, i.e. normalized by the melting temperature of the
lithium and sodium metal, respectively. As can be seen from Fig.
4b, the data points for Li/LLZO/Li cells and Na/Na-f"-alumina/
Na cells align in this representation, indicating that the higher
resilience to dendrite formation is rather a property of the alkali
metal than of the electrolyte. In fact, the lower melting tempera-
ture of sodium metal compared to lithium metal results in higher
sodium self-diffusion, which proves effective in pushing the onset
current density for void formation at the interface during stripping
and consequently also for dendrite formation during subsequent
plating to higher values. Voids and a dendrite can be observed in
the cross section in Fig. 4c.

The properties of ceramic electrolytes also strongly depend on
their phase content and microstructure, which are highly sensitive
to processing conditions.l*3-481 Besides the sintering conditions,
the correct choice of the solvent employed for e.g. cleaning of
the sintered ceramics turns out to be crucial to prevent dendrite
formation. LLZO and Na-f"-alumina are both prone to protona-
tion in classical solvents including alcohols and acetone, result-
ing in the replacement of lithium and sodium by protons. The
combination of electrochemical impedance spectroscopy, X-ray
diffraction, and X-ray photoelectron spectroscopy revealed that
(partially) protonated LLZO, designated as HLLZO, exhibits a
much lower thermal stability than LLZO, leading to the formation
of secondary La, ZrO, and ZrO, phases at temperatures as low as
500 °C.I*3 Protonation of LLZO can be avoided by refraining
from using protic and acidic solvents and using high pK| solvents
such as hexane instead, resulting in much more stable lithium met-
al stripping and plating. Furthermore, as an elegant alternative to
traditional ceramic processing with pore formers, the method of
fabricating bilayer porous/dense and trilayer porous/dense/porous
LLZO membranes taking advantage of the volume contraction
of garnet-type protonated HLLZO during thermal decomposition
into La,ZrO, and ZrO, was patented by the MEC lab.[44491 The
porous LLLZO layer can be melt infiltrated with lithium metal as
shown in Fig. 4d, thereby increasing the contact area between
the electrolyte and the lithium metal and consequently reducing
the local current density, providing an effective means to pre-
vent dendrite formation also at higher (global) current densities.
However, continuous repeated charging at current densities of
~10-12 mA cm™, corresponding to charging rates of 2-3 C with
high-capacity cathodes with 4-5 mAh cm™, remains a challenge.
Operated above their melting temperature, alkali metal anodes
were demonstrated to repeatedly charge and discharge with a
cumulative capacity >10 Ah cm=, corresponding to 2000 cycles
with 5 mAh cm electrodes, at 1000 mA cm™ or 200 C without
dendrite formation, thanks to much increased self-diffusion pre-
venting void formation at the interface to the electrolyte.

While Li/LLZO and Na/Na-f"-alumina anode/membranes
were integrated successfully in different proof-of-concept du-
al-solid-electrolyte SSB lab cells, #4301 the assembly of larger
cells remains a significant challenge due to the fragility of the
ceramic membranes. Na-fB"-alumina membranes with a surface
area of ~100 cm? were fabricated and integrated successfully in
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Fig. 4. (a) Arrhenius plot of the current density at which dendrite formation shorts the Li/LZZO/Li and Na/Na-p"-alumina/Na symmetric cells,*'! (b)
same data as in (a) but plotted as a function of the homologous temperature normalized by the melting temperature of the alkali metal, (c) scanning
electron microscopy image of the cross section across a LZZO/Li interface with voids at the interface and a lithium metal dendrite propagating away
from the interface into the bulk, (d) LLZO/Li interface with porous LLZO layer melt infiltrated by Li metal, (e) atomic structure of fcc closo-hydrobo-

H. 2 and B, H, > anions

rate anion lattice consisting of B, ,H,, oMo

(9) evolution of the cell capacity during long-term cycling.[57:58.601

sodium-nickel-chloride batteries operated at 300 °C,[5!l but the
thickness in the order of 1 mm needs to be reduced to a few 10s of
um to allow operation at room temperature and to achieve the en-
ergy density targets. The brittleness of ceramic electrolytes makes
it also difficult to integrate them with the cathode, because the
cathode particles typically undergo a volume change during dis-/
charging resulting in electrolyte cracking.

For these reasons, the MEC lab has also a strong focus on
developing solid electrolytes that are ductile, can be compacted
without sintering, while offering high ion conductivity at room
temperature and compatibility with alkali metal anodes and
high-voltage cathodes. A promising, yet underexplored, class
of materials that fulfils many of these requirements are the hyd-
roborates.[151 Hydroborates are salts with complex anions. Rapid
advances were made with lithium and sodium hydroborates, in
particular with the closo-hydroborate and closo-hydrocarbabo-
rate anions, which exhibit high electrochemical stability in con-
tact with alkali metal anodes and the highest oxidative stabili-
ty. Key to high cation conductivity is the stabilization of a high
symmetry periodic anion lattice at room temperature typically
accomplished by mixing at least two different anions as shown in
Fig. 4e.52-551 Closo-hydroborate anions carry two negative charg-
es, while closo-hydrocarbaborates carry one negative charge, al-
lowing for a large variety of crystal structures with different cation
fillings. The interested reader is referred to two recent reviews on
the topic by our lab.!15:56]

Efforts to integrate hydroborate electrolytes into SSBs have
culminated in the demonstration of a sodium SSB with a state-of-
the-art 4 V-class Na,(VOPO,),F cathodel>’-% and more recently a
lithium SSB with a state-of-the-art 4 V-class LiNi ,Co, Mn, O,
cathode, [0l both featuring a capacity retention >70% after 1000
dis-/charge cycles as shown in Fig. 4f and 4g. Due to the risk of
dendrite formation, cycling at room temperature remains limited

(H atoms are not shown) and the mobile Li*/Na* occupying interstitial sites, (f) evolution of
the discharge voltage-capacity characteristics for hydroborate-based SSB,

the area under the curves represent the discharge energy density,

to relatively low current densities. Another major challenge is the
currently high cost of closo-hydroborates and closo-hydrocarbab-
orates. While a low-temperature solvo-thermal synthesis route for
closo-hydroborates has been proposed by our lab in collaboration
with the group of Prof. Hans Hagemann (retired), Université de
Geneve,[®!] the availability of hydroborates is still restricted to rel-
atively small quantities, not yet allowing trials on industrial pilot
battery cell manufacturing lines. The MEC lab is actively working
towards building a consortium to solve this issue, encouraging
also the involvement of Swiss Chemical Society members and the
Swiss chemical industry.

In parallel to the developments on hydroborate electrolytes,
MEC group has also investigated a number of different polymer
electrolytes. While polyethylene oxide-based electrolytes show
good compatibility with lithium metal anodes, their conduc-
tivity at room temperature < 0.01 mS cm™ is not sufficient to
enable battery operation at room temperature and the oxidative
stability is limited to low-voltage cathodes such as LiFePO,.[6%]
Polysiloxane-based electrolytes were also explored, but with sim-
ilar conclusions.[®3] More recently, the focus shifted to polymer-
ized-ionic-liquid-based electrolyte in particular Pyr FSI-derived
polymers, in which the cation is polymerized.[*4 The polymerized
cation chains have the advantage of reducing lithium-ion coor-
dination with the polymer, which is a major issue in PEO-based
electrolytes, promoting high cation mobility and ion conductivi-
ties in the order of 1 mS cm™ at room temperature. While the FSI
anion is not stable in contact with lithium metal, FSI is known
for forming a passivating interface layer with relatively high lith-
ium-ion conductivity. The Pyr ,FSI-derived polymer excels in
terms of oxidative stability, enabling the integration with 4 V-class
LiNi().i;CoO.anmO2 and even a 5 V-class LiMnl'SNiO'SO , cathode,
demonstrating stable cycling over several hundred dis-/charge
cycles. Projections from industrial partner Solvionic show that
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this kind of polymer electrolyte will be available at a price of less
than 80 $ kg~' when benefitting from the economy of scale when
scaling production to 50 t per year. The availability, relatively low
cost, and excellent performance of the polymerized-ionic-liquid-
based electrolytes make them a strong contender for a competi-
tive solid-state battery technology capable of reaching the 1200
Wh L' and 450 Wh kg! targets for SSB, when implemented into
optimized cells.

2.3 The Research Activities in the Battery Materials and
Diagnostics Group (BMD, PSI)

Alongside promising SSB configurations based on oxide
ceramic and polymer SSEs, sulfide glass-ceramic SSEs offer al-
ternative material systems already widely established by many
research teams and industry.l'3:65] Their main advantages result
from their low density, competitive ionic conductivity at room
temperature beyond 102 S cm™, low resistance at the grain bound-
aries, and especially their ease of synthesis and processing at room
temperature for a reduced separator thickness (< 30 um) and a
subsequent increase in the cell energy density.[06671 However,
sulfide SSEs still suffer from multiple limitations, among them
the severe interfacial (electro-) chemical and mechanical insta-
bilities with the anode and cathode materials, which has a direct
impact on the Li-ion transport leading to an interface impedance
rise limiting drastically the cell cycling performance. As an ex-
ample, a wide-spread solid electrolyte is -Li,PS, (BLPS), which
undergoes reduction below 1.7 V vs Li*/Li and oxidation above
2.3V vs Li*/Li.[68.691 Additionally, the large volume changes of the
anode active (AAM) and the cathode active material (CAM) lead
to cracks, voids formation and contact loss between the different
cell components.3! Finally, enabling thin metallic lithium or Li
reservoir-free anodes requires also tremendous efforts to prevent
dendrites, ‘dead Li’ and void formation at the interface with the
SSE.[70

The current research efforts in the Battery Materials and
Diagnostics Group (BMD, Mario El Kazzi) aims to shed light on
the fundamental understanding of the interface chemo-mechan-
ical processes of sulfide-based SSEs and to mitigate interface
resistivity alongside improved battery life cycle performance.
Different configurations are explored by the BMD group as shown
in Fig. 5 with the goal to push the limits of achievable energy den-
sities towards 500 Wh kg™! and beyond, based on different types
of anode materials. A range of thiophosphate SSEs combined with
so-called high voltage cathode materials (e.g. nickel-rich, cobalt

low LiNi Co Mn O,) is employed as cathode composites, together
with different anode types (e.g. Si/graphite, thin metallic lithium
or Li reservoir-free). BMD group is committed to address those
challenges by the development of advanced in sifu and operando
surface and bulk characterization methods using laboratory and
synchrotron facility techniques at the Swiss Light Source (SLS).
Therefore, we designed custom-made: (i) electrochemical cells
for accurate and reliable electrochemistry cycling of pellet-type
SSB materials; (ii) operando electrochemical cells for the various
analytical methods and adapt/develop the synchrotron beamline
end-stations to the requirements for SSB studies. Furthermore,
the BMD group dedicates large efforts to the interface engineer-
ing, with the purpose of mitigating the interface reactivities and
improving cycling stability (Fig. 5). Thin inorganic coatings are
applied to directly modify the surface properties of the cathode,
SSE and anode materials using various synthetic methods like
gas-solid, ultra-high-vacuum thin film deposition and wet/dry
chemistry.

At first, we highlight, the development of different genera-
tions of custom-made SSB cells which is the first crucial step to
accurately evaluate and determine the electrochemical properties
and cycling performances of SSBs, including SSE conductivity,
specific capacity or long-term capacity retention. The generation
1 (gen.I) cell shown in Fig. 6a was developed in 2016 to address
the limited commercial options for cycling SSBs at the time.[7]
These cells allowed to cycle reproducibly pellet-type batteries un-
der high pressure (20 MPa — 400 MPa) and were used to charac-
terize the electrochemical properties of several SSB working elec-
trodes, including graphite-BLPS,72 Li Ti,O ,-LPSI®8 or LiCoO,
and LiNiXCoyMnZ (NCM).[13-751 However, the gen.I cell exhibits
two main drawbacks, as it relies on external pressure for tightness
and the lowest achievable pressure below 20 MPa poses a limit in
the study of metallic lithium anodes. Finally, the industry require-
ment for SSE to operate below 5 MPa could not be fulfilled by the
gen. | cell, inhibiting application of relevant studies.

In response to such limitations, we have developed the next
generation 2 (gen.2) cell (see Fig. 6a), capable of functioning at
very low stabilized pressures (80 MPa — 2 MPa) thanks to the sin-
gle axial screw and the incorporation of a disk spring that ensures
the maintenance of constant pressure during the long cycling pro-
cess. Additionally, with the improved O-ring compression system
exceptional tightness of 10~® mbar-1s~! can be achieved. The gen.2
cell has been used successfully in metallic lithium applications

Fig. 5. BMD group addresses
different types of sulfide SSE-
based SSB combined with high
voltage CAM (e.g. LiNixCoyMnZOZ)
and various configurations of
AAM (e.g. Si/graphite anode

thin lithium metal and lithium
reservoir-free), with the aim to
achieve higher energy densities
beyond 500 Wh kg'. We highlight
different interface degradation
mechanisms together with BMD’s
approach to mitigate them in a
targeted surface engineering.
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Fig. 6. Overview of the SSB research activities in the BMD group at PSI, including (a) different standardized cells for cycling performance evaluation
of new battery materials and systems, (b) in-house and synchrotron X-ray characterization from surface to bulk, as well as (c) surface engineering
capabilities from PVD thin film coating to sol-gel and gas-solid coating methods.

to enable electrochemical characterization outside the glovebox
setups.

Next, we highlight the creation and development of a unique
complementary in situ/operando non-destructive surface charac-
terization platform (Fig. 6b) combining in-house X-ray photo-
electron spectroscopy (XPS) and X-ray synchrotron techniques
located at the SLS, employing X-ray absorption spectroscopy
(XAS), X-ray photoemission electron microscopy (XPEEM) and
X-ray tomographic microscopy (XTM). This state-of-the-art plat-
form allows the study of the surface, near surface and interface
to understand the (electro-) chemical reactivity, charge carrier
mobility as well as chemo-mechanical limitations between the
SSE and different active materials (AMs).[76! Such interfaces are
commonly buried, difficult to access and conventional character-
ization methods fail to perform their analysis non-destructively,
especially during battery operation. BMD has addressed the ne-
cessity of developing such advanced characterization at multiple
scales of depth probing for both post-mortem and in situ/operan-
do studies. As an example, conventional laboratory XPS with high
surface-sensitivity (~10 nm) is a powerful technique to study the
chemical and electronic properties of materials. It is known to re-
solve the individual redox-by-products of the SSEs and operando
studies of the BMD group could correlate accurately the redox
processes in SSBs with their voltage dependency.[%77 In addition,
operando XAS!"8] with its higher sensitivity towards transition
metals (TMs) allows for a depth-profiling by following simul-
taneously signals evolving in real-time on the surface (~10 nm)
and near-surface (~100s nm) of a composite working electrode
(see Fig. 6b), using total electron yield (TEY) and total fluores-
cence yield (TFY) detection modes, respectively. Furthermore,
operando XPEEMI™! is employed as a highly surface sensitive
analytical technique capable of providing a unique combination
of the nanoscale lateral resolution (~50 nm) and the spectroscop-
ic capability of XAS, confined within a depth analysis range of
3-4 nm. A great advantage of synchrotron light is the tuneable
energy which allows for a broad range of elemental detection,
including tender X-rays to detect TMs, S, P and CI K-edges, as

well as O, C K-edges and TMs, S, P and CI L-edges with soft
X-rays. Besides the utilization of synchrotron light for chemical
surface and interface-oriented studies, the internal volume change
and crack formation of the SSBs is very difficult to assess by ex
situ experiments. Therefore, the application of operando XTM
allows for a time-resolved 3D imaging of the SSB interior during
operation with sub-um resolution.[89 The successful utilization of
this technique revealed the anisotropic volume expansion of AMs,
the mechanism of crack formation and propagation in the SSE as
well as the impact of mechanical deformation on the tortuosity
evolution and the Li-ion transport (Fig. 6b). Further, the reliability
of such elaborate operando analysis is the result of very compat-
ible, close to standard cell application, custom-made operando
cells, with the 3 different models shown in Fig. 6b for XPS/XAS,
XPEEM and XTM.

Utilizing the advantage of such powerful surface analysis, we
can drive the mitigation of interface phenomena towards higher
(electro-) chemical stability with a targeted surface engineering
(see Fig. 6¢) for various SSEs, CAMs, AAMs and additives. For
example, BMD group is equipped with an ultra-high vacuum
(UHV) cluster with a base pressure ~ 10-9 mbar connected to the
XPS spectrometer, employing Ar sputtering for surface treatment
and depth profile analysis, RF sputtering for thin film deposition,
electron gun evaporator for various metals or oxides thin film
depositions, and different gas entry. Such a unique setup offers a
great variety of surface modifications (e.g. Li metal, current col-
lector foils or pelletized SSEs), with a direct in situ XPS chem-
ical analysis under vacuum. For thin coatings of powders with
micron to nanosized particles, wet-chemical methods (e.g. sol-
gel) or gas-solid reactions with reactive gasses are more eligible.
On one hand, thin coatings of the CAM can be fabricated by us-
ing sol-gel methods with e.g. LiNbO, being the most represented
choice in literature.[81! On the other hand, thin (~1-2 nm) uniform
LiF surface coatings were successfully performed on high voltage
cathode and SSE materials using a custom-made gas flow-type
reactor with a mild fluorinating agent (e.g. CHF,). The thin LiF
layer significantly improved the interface stability between the
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cathode materials and the electrolyte at high operating voltage
above 4.3 V vs Li*/Li.[821 This method is facile, effective, scalable
and environmentally friendly to consume a stock of CHF,, a po-
tent greenhouse gas.

In conclusion, we highlight the unprecedented advantage of
combining operando XPS, XAS and XPEEM to non-destructive-
ly probe the degradation mechanisms taking place at the elec-
trified interface of SSE/AMs at multiple depth scales. Together
with the bulk analysis capabilities of operando XTM we gener-
ate a comprehensive picture of performance limiting degradation
mechanisms in SSBs. Combined with various surface engineer-
ing capabilities at PSI, we can drive the nature of detrimental in-
terface phenomena towards a more beneficial surface chemistry
and structure for high energy density SSBs. An approach that is
eminently suitable for the study and navigation of battery failure
more generally.

2.4 The Research Activities in the Group of Thin Films
and Photovoltaics (Empa)

Thin film batteries (TFBs) are solid-state batteries in which
each component of the battery is at most a few micrometers thick,
and they are stacked on top of each other in a layered fashion.33]
TFBs are typically made using vacuum techniques to deposit a
wide range of materials in the form of dense and homogeneous
layers with precise control of their thickness. Due to the short
diffusion pathways given by the thin layers, thin-film batteries can
be cycled at high C-rates.[3485 In addition, they have shown stable
cycling performance of over 10,000 cycles with a capacity loss of
less than 10%.[36] However, their broad applicability is limited by
their low areal capacities (< 0.1 mAh cm). TFBs can also be used
as model systems thanks to their well-defined, layered architec-
ture to test the combinations of materials as well as to characterize
interfaces and fundamental phenomena without the interference
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\§ '. Cathode
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Coatings and interlayers

LCO Interface LLZO

Novel active materials

of conductive additives, porosity efc. In the Laboratory for Thin
Films and Photovoltaics at Empa we use the TFBs as model sys-
tems to study novel materials and their combinations, such as
materials for electrodes and solid-state electrolytes, coatings for
better interfaces as well as device manufacturing approaches and
device architectures — stacked TFBs, TFBs on flexible substrates
etc. (see Fig. 7). In our Laboratory we employ a wide scope of
characterization methods to study the TFBs ranging from more
traditional material science tools such as X-ray diffraction, elec-
tron and light microscopy, through electrochemical methods: gal-
vanostatic cycling, cyclic voltammetry, electrochemical imped-
ance spectroscopy, galvanostatic intermittent titration technique,
transient current measurements to advanced characterization such
as time-of-flight secondary ion mass spectroscopy, X-ray pho-
toelectron spectroscopy, cryo-airless electron microscopy and
others.

As magnetron sputtering is one of the main focus points of our
Laboratory, we have developed a scalable co-sputtering approach
for depositing high-quality oxide solid-state electrolyte thin films,
such as LLZO and LiPON.2] In this way, we have produced crys-
talline LLZO thin films exhibiting record ionic conductivities of
1.9 x 10 S cm™ by co-sputtering LLZO and Li,0.?! High ionic
conductivities with the low thickness, led to a significantly re-
duced electrolyte’s area-specific resistance.®?2 Furthermore, we
investigated the interface of LCO and LLZO and introduced two
types of interlayers to improve its characteristics: (1) an in situ
lithiated Nb,O, diffusion barrier layer that effectively reduces the
charge-transfer impedance of the LLZO-LCO interface and ena-
bles higher current rates compared to a non-modified LLZO-LCO
interface;[3-931 and (2) a thin-film LLZO layer without annealing
(amorphous), which has a similar effect to the lithiated Nb,O,
allowing for lowered interfacial resistance, which in turn lowered
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Fig. 7. Top panel: schematic of a thin film battery and a monolithically stacked thin film battery. Adapted with permission from refs. [87] and [88].
Bottom panel: examples of areas of interest of the Laboratory for Thin Films and Photovoltaics. Adapted with permission from refs. [89-91] and
adapted under CC-BY 4.0 license ref. [90]. Note that further permissions related to the material excerpted should be directed to the original publisher.
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the overpotentials for Li plating and higher critical current densi-
ties (currents at which the cells would fail).[%4

We also benchmarked interlayers on the anode side — seed lay-
ers between the anode current collector and the solid-state electro-
lyte for improved Li plating and stripping behaviour. Reversible
Li stripping and plating at high current densities is crucial for the
performance of all Li-metal and ‘anode free’ (without Li reser-
voir) batteries. Using TFBs as a model system, seed layers of Pt,
Au and amorphous carbon deposited using magnetron sputtering
at the interface between the solid electrolyte and the anode current
collector were studied. All seed layers improved the kinetics of Li
plating/stripping, reduced the overpotentials and enabled higher
critical current densities of over 8 mA cm=. While Pt and Au alloy
with lithium, the amorphous carbon interlayers remained intact
during stripping and plating, resulting in homogeneous lithium
metal plating and stripping at room temperature without applied
external pressure.[95-9]

Another area of battery research that can benefit from the
model system aspect of TFBs are novel electrode materials.
We reported the first thin-film solid state LiNi  Mn  Co O,
NMCS811 battery with a LiPON electrolyte that showed excellent
cycling stability over 1000 cycles at 4 C. Moreover, this cycling
stability was achieved with the voltage range extended to 1.5 V
(from a normal lower cut-off voltage of 3 V). In this way, the
NMCS811 cathode can be over lithiated and store additional lithi-
um in each cycle. Therefore, the reversible capacity in the first 50
cycles was increased to about 250 mAh g!, which is a significant
improvement over conventional NMC811.87] Within the cathode
materials, we are also actively exploring the landscape of conver-
sion cathodes. We demonstrated that Fe and LiF based conversion
cathode can be used with LiPON solid electrolyte and Li metal
anodes. In these cells, the Fe-LiF cathodes undergo a process of
nanoscale restructuring during cycling that is C-rate dependent.
By choosing the right current density (approx. 6 C), this electro-
chemical activation allowed for 2000 reversible cycles without
capacity fade. On the contrary, the capacity of the cells increased
over the cycling protocol to 480 mAh g' cathode, which is very
close to the theoretical capacity of this system (498 mAh g ). This
highlights how a thin-film, pure materials system can be utilized
to study fundamental properties of said materials.[%]

We also investigate novel crystallization methods. In particu-
lar, rapid photonic annealing, or flash lamp annealing, can be used
to crystallize thin-film cathodes without exposing other parts of
the battery to high temperatures enabling crystalline active ma-
terials (which tend to make higher performance cathodes) on
heat-sensitive substrates, potentially allowing for the use of flex-
ible substrates, while also increasing the speed of crystallization
from hours to minutes.[°!]

Finally, to address the low areal capacity of TFBs compared
to other battery types, we explore the potential of stacking mul-
tiple TFBs monolithically on top of each other, thus improving
the areal capacity without compromising the dense, homogeneous
layered structure and short diffusion pathways that facilitate high
C-rate operation. We have demonstrated a working stack of two
TFBs,88] proving the feasibility of this approach while highlight-
ing all the necessary development steps needed to bring stacked
TFBs to their full potential. A thermo-electric model showed that
stacked thin-film batteries can achieve a specific power of tens of
kW per kg, which is ten times higher than what is possible with
the current Li-ion batteries.[88]

2.5 The Research Activities in the Group of Process
Optimizationin Manufacturing (BernerFachhochschule)

While SSBs with lithium metal anodes offer opportunities for
improved and simplified cell manufacturing, they also present
new challenges. For example, polymer-based solid electrolytes
can be co-processed with cathode materials to form a so-called

catholyte.l7l The formation of catholyte layers can be achieved
with scalable roll-to-roll technologies such as slot die coating or
dry extrusion. Prefabrication of these catholyte layers has impli-
cations for upstream cell manufacturing processes that need to be
addressed to achieve an optimal manufacturing process. The use
of lithium metal anodes presents a number of challenges for large-
scale manufacturing. Forming thin film lithium metal anodes us-
ing a mechanical calendaring process is difficult and costly. In
addition, lithium metal is very sticky to many surfaces and reacts
easily with many materials. As a result, the machine and process
design options for cutting and stacking lithium metal anodes into
a cell are very limited.

The Process Optimization in Manufacturing research group at
the Bern University of Applied Sciences is investigating novel
methods and processes for the production of both LIBs and SSBs.
One proposed strategy to mitigate dendrite growth in lithium met-
al cells is the use of thermotropic ionic liquid crystals (TILCs).
When heated the TILC undergoes a phase change that can me-
chanically break dendrites and refresh the interphase between the
electrolyte and lithium metal.®®] In this context and within the
framework of the H2020 project HIDDEN:[*! we have investigat-
ed an alternating current-based heating approach for pouch cells
to induce the phase change of the TILC. Furthermore, we have
established a lab-scale process for lithium metal-based pouch
cells. The line allows flexible cell configurations in the Ah range.
Cells originating from this line have been used in these
studies.[100.1011 To address the processing challenges with lithium
metal anodes we have developed an optimized laser cutting pro-
cess to shape the electrodes. An uneven lithium metal surface
strongly promotes the formation of dendrites and thus accelerates
cell aging. The cutting process of lithium metal anodes must
therefore leave as few traces on the electrode surface as possible.
Fig. 8 shows the difference in melt formation at the cut edge of a
non-optimized laser cutting process compared to our optimized
process. We have demonstrated that our laser process can meet the
desired requirements using typical laser equipment of today’s LIB
production.

b) Optimized laser cutting process

@) non-optimized laser cutting process

Fig. 8. Digital microscope top-view images of the cut edge of laser pro-
cessed lithium metal electrodes.

LIB production in general and SSB in particular suffer from a
lack of dedicated in-line measurements to assess the quality of in-
termediate products and to effectively control the processes. This
hinders the transition from statistical process control to advanced
process control. To help to overcome these problems, we have
developed a device for spatially resolved resistance measurements
of electrodes. The device can detect defects in electrodes or sol-
id-electrolyte-cathode composites that may not be optically visi-
ble, such as poor adhesion of the active material to the substrate,
or short circuits when the electrolyte has also a separation func-
tionality, as is common in SSBs. Within framework of the Horizon
Europe project SOLiD,[192] we have ongoing activities to develop
new measurement technologies and use them together with ex-
isting ones for closed-loop control and optimization of cathode
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composite (active material and solid electrolyte) manufacturing.
The developments will be demonstrated on a relevant scale for
the slot die coating of a polymer-based solid separator electrolyte.

3. Conclusions and Outlook

The field of SSBs has undoubtedly made significant progress
in the last decade, driven by extensive research efforts focused on
the material optimization and new advances in in situ/operando
characterization methods. Swiss research institutions have been
at the forefront of these innovations, as highlighted in this paper.
Nevertheless, SSB as of today is an immature technology to enter
the large battery market and it still requires further advancements
on multiple fronts, as briefly outlined below.

On the anode side, enabling thin lithium metal (< 5 pm) is
crucial to boost the energy density. Ultimately, moving to the Li-
reservoir free anode is desired which not only increases the energy
density further but also offers facile and low-cost cell manufactur-
ing due to lower safety requirements in the absence of metallic Li
during cell assembly. However, considering the issues stemming
from the large volume changes of Li during plating/stripping, as
well as its poor chemical compatibility with most classes of SSEs
and poor wettability with the current collector, future research ef-
forts will be oriented towards the interface chemical engineering.
This is realized through nucleation and barrier layers on top of
the thin lithium or current collector, introducing the 3D current
collector, 3D lithium or the use of bilayer dense/porous solid elec-
trolyte membranes (e.g. LLZO).

On the cathode side, despite remarkable progress in improving
the electrochemical performance at high operating voltages, the
intimate contact between the SSE and the cathode active materials
is still considered a major challenge to overcome for both oxides
(e.g. LLZO) and sulfide glass-ceramic SSEs. This scepticism stems
from several inherent hurdles, primarily the inability of the SSE to
accommodate the volume fluctuations of the cathode active mate-
rials during operation. As a result, the contact between the active
materials, the SSE, and the conductive additives is not maintained,
leading to a gradual decrease in the charge storage capacity. In
this context, the use of more ductile SSE, such as hydroborate or
sulfide SSEs on the cathode side of the SSB, in combination with
the application of pressure, should be a better option. Nonetheless,
the strategy of applying high pressure, as an additional component
to enable pressure application would inevitably reduce the ener-
gy density significantly. In this context, the use of soft Pyr ,FSI-
derived polymers as SSE, which exhibit a high degree of oxidative
stability, seems to have a very high potential, and requires zero
or minimal pressure compared to hydroborate or sulfide SSE. It
should be noted, however, that a major challenge to the use of
hydroborates is their current high cost. While a low-temperature
solvothermal synthesis route for closo-hydroborates has been pro-
posed, the availability of hydroborates is still limited to relatively
small quantities, which does not yet allow trials on industrial pilot
battery cell production lines. Further, protective inorganic coat-
ings of the active materials offer good (electro-) chemical stability
for prolonged cycle performance and could potentially counteract
certain volume changes, improve interfacial contact resistance,
and delimit surface degradation mechanisms with an extension of
the electrochemical stability window.

Another critical issue with SSBs based on LLZO or beta-alu-
mina is their brittleness and low fracture toughness, which may re-
quire specific technological solutions for the sintering and handling
thin sub-100-micron membranes in large sizes and their layering. In
this context, unlike current liquid electrolyte systems, their manu-
facturability and material costs are unknown, necessitating careful
consideration in the context of possible additional costs.

Finally, it should be noted that while SSBs are intrinsically
safe during discharge, there are safety concerns during charging.
This requires testing possible failure modes due to short circuits,

using SSBs of large size comparable to standard liquid-based Li-
ion systems.
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