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ABSTRACT

Solid-state batteries (SSBs) are a crucial area of research in the quest for
safe and efficient energy storage systems. These batteries, which use solid
electrolytes instead of liquid electrolytes, offer improvements in safety and en-
ergy density over traditional lithium-ion batteries due to the potential use of
metallic lithium anodes. However, the stability of solid electrolyte/electrode
interfaces in SSBs is a substantial challenge that affects their performance
and lifetime. This Thesis addresses this challenge by investigating lithiated
metal oxide interlayers and seed layers in oxide SSBs to enhance interfacial

stability.

For the cathode|solid-state electrolyte interface, high-energy LiCoO,
cathodes are fabricated with Li;LasZr,05 (LLZO) solid-electrolytes by co-
sintering at high temperatures using lithiated metal oxide interlayers (Li-
Me-O where Me = Al, Nb, or Ti) deposited by sputtering techniques. These
interlayers are effective in reducing Co/La cation mixing at the cathode-
electrolyte interface. It is shown that the introduction of interlayers results
in more defined interfaces compared to unmodified battery stacks. Using

electrochemical impedance spectroscopy, the Li-Nb-O interlayer was shown
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to reduce the interfacial impedance from 8 kQ cm? to 1 kQ cm?. Finally, the
Li-Nb-O interlayer proved to be the most efficient, with a discharge capacity of
125 mAh g!. The phenomenon of asymmetric voltage drop during discharge
and the charge-discharge transition is observed in these batteries. A sharp
impedance drop was observed during this transition. This voltage drop
phenomenon has been discussed and contextualized in the battery research
community, but it is not yet fully understood. The most plausible hypothesis

seems to revolve around delamination at the cathode | SSE interface.

For the anode | solid-state electrolyte interface, the influence of seed layers
(gold, platinum, and amorphous carbon) in anode-free configurations is
investigated. Thin film stacks have been fabricated by PVD techniques in the
following architecture: Cu/seed layer/LiPON/Li/Cu. Lithium deposition at
the interface between the copper current collector and the LiPON electrolyte
was investigated. It was found that the bare current collector in a thin-
film anode-free architecture without a seed layer is prone to cracking. The
integration of seed layers suppressed current collector cracking and resulted
in a more homogeneous lithium layer. The amorphous carbon maintained its
integrity during cycling and significantly influenced the lithium plating and
stripping dynamics. The amorphous carbon seed layer reduced the plating
potential from 300 mV for a bare copper current collector to less than 100

mV at a current density of 8 mA cm ™2

. Moreover, an optical microscopy setup
was developed to visualize Li nucleation between the solid electrolyte and
the current collector during operation. It is shown that a thin carbon seed
layer on non-ideal surfaces such as LLZO improves the homogeneous plating

of lithium and thus increases the plating capacity by up to 0.1mAh cm™2.



The results of this work contribute to the understanding of interfacial phe-
nomena in solid-state batteries and provide practical approaches to improve
their performance and durability. Of particular note is the effectiveness of
Li-Nb-O interlayers in mitigating cation diffusion and the potential of carbon

seed layers in reducing overpotential during lithium plating and stripping.
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KURZFASSUNG

Festkorperbatterien (engl. solid-state batteries, SSB) sind ein zentrales
Forschungsgebiet auf der Suche nach sicheren und effizienten Energiespe-
ichersystemen. Diese Batterien, die feste statt fliissige Elektrolyte verwen-
den, bieten durch den moéglichen Einsatz von metallischen Lithiumanoden
Verbesserungen hinsichtlich Sicherheit und Energiedichte gegeniiber herkomm-
lichen Lithium-Ionen-Batterien. Allerdings stellt die Stabilitét der Festelektro-
lyt/Elektroden-Grenzflache in SSBs eine grof3e Herausforderung dar, die sich
auf ihre Leistung und Lebensdauer auswirkt. Diese Arbeit befasst sich mit
dieser Herausforderung, indem lithiumhaltige Metalloxid-Zwischenschichten
und Keimschichten (engl. seed layer) in oxidischen SSBs untersucht werden,
um die Grenzfldchenstabilitit zu verbessern.

Fiir die Kathode-Festkorperelektrolyt-Grenzfliche werden hochenergetis-
che LiCoO,-Kathoden mit Li;LazZr,0;,-Festkorperelektrolyten (LLZO) durch
Co-Sintern bei hohen Temperaturen unter Verwendung lithiumhaltiger Metall-
oxid-Zwischenschichten (Li-Me-O, wobei Me = Al, Nb oder Ti) hergestellt,
die durch Sputtertechniken abgeschieden werden. Diese Zwischenschichten

verringern wirksam die Vermischung von Co/La-Kationen an der Kathoden-

KURZFASSUNG
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Elektrolyt-Grenzflache. Es wird gezeigt, dass die Einfithrung von Zwis-
chenschichten im Vergleich zu unmodifizierten Batterie-Stacks zu besser
definierten Grenzflachen fiihrt. Mit Hilfe der elektrochemischen Impedanz-
spektroskopie konnte gezeigt werden, dass die Li-Nb-O-Zwischenschicht die
Grenzflichenimpedanz von 8 kQ cm? auf 1 kQ cm? reduziert. SchlieRlich
erwies sich die Li-Nb-O-Zwischenschicht mit einer Entladekapazitdt von 125
mAh g7 als die leistungsfihigste. Bei diesen Batterien wurde das Phinomen
des asymmetrischen Spannungsabfalls wahrend der Entladung und des Lade-
Entlade-Ubergangs beobachtet. Wihrend dieses Ubergangs wurde ein starker
Impedanzabfall beobachtet. Dieses Phdnomen des Spannungsabfalls wurde
in der Batterie-Fachwelt diskutiert und in Zusammenhang gebracht, ist aber
noch nicht vollstdndig verstanden. Die plausibelste Hypothese dreht sich um

Delaminationen an der Kathoden-SSE-Grenzflache.

Fiir die Anoden-Festkorperelektrolyt-Grenzfliche wird der Einfluss von
Keimschichten (Gold, Platin und amorpher Kohlenstoff) in anodenfreien Kon-
figurationen untersucht. Diinnschicht-Stacks werden mittels PVD-Techniken
in der folgenden Architektur hergestellt: Cu/Keimschicht/LiPON/Li/Cu. Die
Lithiumabscheidung an der Grenzflache zwischen dem Kupferstromkollektor
und dem LiPON-Elektrolyten wurde untersucht. Es wurde festgestellt, dass
der unbeschichtete Stromkollektor in einer anodenfreien Diinnschichtar-
chitektur ohne Keimschicht anfillig fiir Briiche ist. Die Integration von
Keimschichten unterdriickte die Rissbildung im Stromkollektor und fiihrte
zu einer homogeneren Lithiumschicht. Der amorphe Kohlenstoff behielt
seine Integritdt wiahrend der Zyklen und beeinflusste die Dynamik der Lithi-

umabscheidung und des Strippings. Die amorphe Kohlenstoffkeimschicht



reduzierte das Abscheidungspotenzial von 300 mV fiir einen blanken Kupfer-
stromabnehmer auf weniger als 100 mV bei einer Stromdichte von 8 mA
cm™2. Zusitzlich wurde ein optisches Mikroskop entwickelt, um die Li-
Nukleation zwischen dem Festelektrolyten und dem Stromkollektor wahrend
des Betriebs zu visualisieren. Es konnte gezeigt werden, dass eine diinne
Kohlenstoff-Keimschicht auf nicht-idealen Oberflachen wie LLZO die homo-
gene Lithiumabscheidung verbessert und somit die Abscheidekapazitat um
bis zu 0.1 mAh cm™2 erhéht.

Die Ergebnisse dieser Arbeit tragen zum Verstédndnis von Grenzflachen-
phanomenen in Festkorperbatterien bei und bieten praktische Ansétze zur
Verbesserung ihrer Leistungsfahigkeit und Lebensdauer. Besonders her-
vorzuheben ist die Wirksamkeit von Li-Nb-O Zwischenschichten zur Ab-
schwéchung der Kationendiffusion und das Potential von Kohlenstoff-Keim-
schichten zur Reduzierung von Uberspannungen wihrend der Lithiumbeschich-

tung und des Strippings.
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1 INTRODUCTION AND OBJECTIVES

Addressing the Dual Challenge of the global energy crisis and climate
change is one of the crucial challenges for humanity in the 21st century [1].
Fossil fuels, particularly coal, natural gas, and oil have been central to global
economic growth since the Industrial Revolution. However, their widespread
use has led to significant environmental challenges, with global warming
being the most pressing [2]. The global average temperature in 2022 is
almost 1°C higher than in the middle of the 20th century (see Figure 1.1a).
Moreover, as the world’s population grows, the demand for energy is expected
to outstrip the availability of fossil fuels [3]. Addressing this emerging energy
gap and mitigating climate change are major challenges for today’s society.
These goals require the development of sustainable energy technologies and

a collective effort to reduce greenhouse gas emissions.

Figure 1.1b shows the trajectory and future projections of global electric-
ity generation for various energy sources through 2050 [7]. While the overall
demand for electricity increases, the share of sustainable energy sources is
projected to increase substantially, accounting for about 55 % of the electric-

ity mix by 2050. This upward trend in renewable energy underscores the
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Figure 1.1. Climate change and global electricity generation. (a) Global
average temperature compared with the mid-20th century, and (b) projected
global electricity generation in 2020 with forecast to 2050, by energy source.
Adapted from The Learning Network [4-7].

collective effort to solve the energy crisis. However, an emerging challenge
is how to effectively store this rapidly growing share of renewable energy,

especially given the intermittent and unpredictable nature of its generation

[8].

Lithium-ion batteries will play a central role in bridging this gap and
storing energy. Recognized with the 2019 Nobel Prize in Chemistry, these
batteries have a notable history that began with the introduction of the first
cell in 1962 and led to Sony’s groundbreaking rechargeable model in 1991
[9, 10]. Due to their superior voltage, energy density, and flexibility, lithium-
ion batteries have outperformed traditional batteries such as lead-acid or
Ni-Cd. In this context, rechargeable battery technologies are emerging as
a key enabler in addressing the energy storage challenges associated with
the intermittent and stochastic nature of renewable energy sources [11].

Moreover, they will play a critical role in addressing the world’s future energy
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challenges, particularly in reducing dependence on fossil fuels in areas such
as transportation. Electric vehicles powered by these batteries are expected

to be market leaders by 2040 (see Figure 1.2).
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Figure 1.2. Forcast global passenger car sales by powertrain from 2021 to
2040. Adapted from ABB Group [12].

As technology evolves, the differences between lithium-ion and lithium-
metal batteries and between liquid and solid-state batteries are becoming
more apparent, affecting their use and potential. Among the various battery
chemistries, lithium batteries have gained acceptance due to their superior
energy density and minimal toxicity [13]. Despite remarkable advances in
lithium battery technology over the past five decades, today’s lithium-ion
batteries remain limited in their energy density and safety profile [14]. The
complex nature of battery systems, especially with the push to utilize lithium
metal anodes and integrate safer solid-state electrolytes, underscores the
need for continued scientific research, especially with respect to the puzzling

interfacial phenomena [15].
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1.1 Lithium-ion battery

Rechargeable batteries have evolved continuously since their introduc-
tion in 1859, from lead-acid batteries to the more advanced lithium-ion
batteries. In particular, the 1970s and 1980s saw groundbreaking advances
in lithium-ion technology. Dr. Whittingham of Exxon Mobil began this devel-
opment in the late 1970s by exploring a rechargeable battery concept using
titanium disulfide and lithium metal electrodes [16]. In the following decade,
Professor Goodenough introduced a lithium cobalt oxide (LiCoO,) cathode
[17], while Professor Yazami demonstrated the potential of a graphite anode
to electrochemically incorporate lithium [18]. Based on these fundamental
findings, Professor Yoshino developed the first prototype lithium-ion battery.
By the early 1990s, Sony had refined this technology to market readiness
and in 1991 introduced the first commercially viable lithium-ion battery that
combined a coke (amorphous carbon) anode with a layered LiCoO, cathode.
Since then, both gravimetric and volumetric energy densities have steadily
increased, nearly doubling to 240 Wh kg™ and 700 Wh 17}, respectively,
indicating a trend toward the theoretical performance limits of conventional
liquid lithium-ion batteries (Figure 1.3). At the same time, the cost of battery
packs has dropped by more than 80 % in the last decade, from 780 USD
kWh™! to just 139 USD kWh~! [19].

CHAPTER 1
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Figure 1.3. Development of energy densities and prices of lithium-ion batter-
ies. a) Gravimetric and volumetric energy densities of lithium-ion batteries
from 1990 until 2015. Adapted from Janek & Zeier [20]. b) Lithium-ion
battery prices worldwide from 2013 to 2023 ( in U.S. dollars per kilowatt-
hour). Adapted from BloombergNEF [19].

Working principle

Lithium-ion secondary batteries consist primarily of an electrochemical
cell that converts chemical energy into electrical energy when discharged.
The main components of this cell are a negative electrode (anode) and a
positive electrode (cathode), an electrolyte that facilitates the movement of
Lit-ions between the electrodes and electronically insulates the electrodes,
and current collectors, as shown in Figure 1.4. Each electrode consists of an
active material, such as LiCoO, for the cathode or graphite for the anode, in
which Li*-ions are stored. Different redox potentials indicate their different
tendencies to accept or release electrons. These materials undergo redox
reactions and generate an electromotive force. When the cell is in an open
circuit, the voltage generated can be determined by the difference in chemical

potential between the anode and cathode:
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Figure 1.4. Schematic representation of the components of a Li-ion battery

ﬁ
Li*
and the movement (of electrons and Li* ions) during charging and discharg-
ing.

During the charging phase of a Li-ion battery, an external electrical
potential is applied to the cathode and anode. This causes the migration of
electrons from the cathode to the anode through the external circuit, resulting
in oxidation of the cathode and reduction of the anode. This electron flow
is counterbalanced by the simultaneous movement of Li* ions within the
cathode, which migrate through the electrolyte in the opposite direction
of the electrons to be intercalated into the anode. During discharging, the

redox reactions occur spontaneously and the process described is reversed.
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Active materials in batteries

Each component of a battery plays an important role in ensuring optimal
performance and durability. In a Li-ion battery, the electrodes - cathode
and anode - are particularly important as they are the active materials in
the battery. They determine both the battery’s operating voltage and its
maximum capacity, and advances over the years have led to improvements
in these parameters. Cathodes, which typically operate on the basis of an
intercalation mechanism, are generally divided into three primary classes

based on their crystalline structure:
1. Layered structures
2. Olivine structures
3. Spinel Materials

These categories include a number of cathode materials that have been
developed and commercialized over time. The most famous structure is
the layered oxide LiCoO, mentioned earlier (see Figure 1.5). It was used
in the first commercial Li-ion batteries by Sony in 1991. Since then, it has
become one of the dominant cathode materials due to its specific capacity
of about 140 mAh g~! (at a cutoff potential of 4.2 V vs. Li/Li*), long cycle
life, and ease of preparation [21]. Similar to other LiMO,-type cathodes (M
=V Cr, Co, Ni), LCO has a layered structure in which Li* and Co®" ions
occupy the octahedral interstitials of the cubic close-packed (ccp) oxygen
framework in alternating planes [22]. The structure, characterized by cova-

lently bonded CoO, layers, allows reversible insertion and extraction into

INTRODUCTION AND OBJECTIVES
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the layers. In addition, the movement of lithium ions between these layers
allows for efficient two-dimensional lithium diffusion. In theory, all of the Li
in LiCoO, can be removed electrochemically. However, reversible extraction
is only possible between LiCoO, and Liy 5C00,, a property shared with other
lithium transition metal oxides [21]. In addition, Li;CoO, was shown to
exhibit high electronic conductivity, transitioning from semiconducting at x
= 1 to metallic at lower lithium concentrations, which aids in lithium-ion

deintercalation/intercalation and fast charge capabilities [23].

Figure 1.5. a) Layered crystalline structure of the rhombohedral LiCoO,, b)
Representation of the octahedral CoOg structure, and c) stacking arrange-
ment of the layers (ABCABC). [24]

To further improve the energy density and reduce the cost of Li-ion bat-
teries, researchers have introduced alternative layered cathode materials.
Among them, LiNi,Mn,Co,0, (NMC class) has not only been developed but
also integrated into commercial applications with capacities exceeding 250

mAh g=! [25]. The olivine structure, represented by LiFePO, (LFP), has

CHAPTER 1



gained acceptance in battery research and industry. This is due to its consis-
tent voltage profile at 3.2 V vs. Li/Li*, affordability, wide availability of raw
materials, inherent stability, theoretical capacity of 170 mAh g™}, and safety
characteristics [26]. The category of spinel oxides includes materials such as
LiMn,0O, (LMO) and LiMng 5Nip 504 (LMNO). These spinel compounds are
known for their remarkable properties, such as high potentials of up to 5V,

good cycle life, high energy density, and high rate capability [27].

While the composition of intercalation cathodes is continuously being
tuned to improve their rate capability and cycle life, the specific capacities of
such intercalation compounds are approaching their theoretical values, thus
limiting the energy densities and specific energies of practical cells [28]. On
the other hand, conversion-type cathode materials are considered to be some
of the key candidates for the next generation of rechargeable lithium-ion
batteries. Instead of simply intercalating lithium ions, they engage in redox
reactions that break and create new chemical bonds during the processes of

lithiation and delithiation [29].

To highlight the potential of conversion cathodes, sulfur stands out. When
lithiated, sulfur is converted to Li,S. These conversion cathodes can achieve
impressive capacities, with a theoretical capacity of 1670 mAh g~ [29].
However, conversion cathodes are not without their drawbacks. Their in-
sulating nature during delithiation can reduce rate performance and limit
capacity. In addition, the interaction of sulfur with the electrolyte can pro-
duce polysulfide ions, which can lead to capacity degradation [30]. Other
conversion cathodes that are being investigated include iron fluoride (FeFs3)

and copper fluoride (CuF,). Their theoretical energy densities are equal to
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or greater than sulfur. However, they have a set set of challenges, such as

poor conductivity and limited cycle life [29].

For anode materials, graphite and hard carbon are the predominant
options in the field, primarily due to their favorable properties, such as low
working potential at approx. 0.1 V vs. Li/Li*, affordability, and good cycle
life [31]. However, graphite’s specific capacity is limited to 372 mAh g~! [32],
and it is prone to Li plating during rapid charging. This has led researchers to
explore alternative anode materials. Intercalation oxides, such as Li;Ti5O1,
(LTO), have attracted interest for high-power applications [33]. At the same
time, alloyed materials such as silicon have gained attention because of their
low cost, exceptional gravimetric and volumetric capacity (3590 mAh g~*
and 8365 mAh cm ™2 for silicon), and abundance. Despite silicon’s impressive
capacity, which is ten times that of graphite, its sizeable volumetric expansion
(approx. 300 %) that occurs during lithiation/delithiation is a challenge that
limits its lifetime [34, 35]. As a result, only C/Si composite anodes have

gained commercial acceptance.

To overcome these challenges, there has been a revival of interest in pure
lithium metal as the negative electrode. Lithium metal was already subject
to intensive research in the 1960s-1970s as it has an impressive theoretical
capacity of 3860 mAh g~!, a low redox potential (-3.04 V vs. SHE), and
a light density (0.534 g cm™3) [36]. Lithium metal is fundamental to the
solid-state battery concept and is considered the best anode material. The
integration of a solid-state electrolyte stands out as a key strategy to improve
safety, limit side reactions, and eliminate the flammability risk posed by

organic solvents [37]. An added benefit is the possible in-situ formation of
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the Li metal anode using the lithium present in a lithiated cathode, which
can streamline manufacturing and provide cost savings [38].

Figure 1.6 provides an overview of the cathode and anode materials
discussed, illustrating an aggregated view of the average discharge potentials
and specific capacities across all electrode categories, providing a clear

perspective on the performance metrics of the different materials.
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Figure 1.6. Comparative overview of average discharge potentials and spe-
cific capacities for various electrode types. (a) Intercalation-type cathodes
(experimental), (b) Conversion-type cathodes (theoretical), (c) Conversion-
type anodes (experimental), and (d) Aggregated average discharge potentials
and specific capacities across all electrode categories. Adapted from Nitta
et al. [31]

In terms of broader battery technology advancements, several key perfor-
mance metrics and challenges remain: (i) achieving high energy density, (ii)

enabling fast charging capabilities, (iii) implementing a solid-state electrolyte,
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and (iv) accelerating battery development from a cost perspective. Each
of these aspects is closely related to the design complexities and chemical

compositions of the electrode materials.

1.2 All-solid-state battery

The potential for further optimization of liquid electrolyte-based lithium-
ion batteries is shrinking and is expected to reach its theoretical performance
limits [20, 39]. Therefore, it is necessary to explore alternative, more ad-
vanced battery designs. A new generation of solid-state batteries is being
developed and could become commercially available in the next few years.
Figure 1.7 shows the schematic structure of an all-solid-state lithium-ion
battery. They follow the general electrochemical structure of a traditional
lithium-ion battery, as described earlier. The difference is the (at least partial)
replacement of the liquid ion-conducting electrolyte with a solid electrolyte.

An important measure of battery performance is energy density, which
can be evaluated gravimetrically (in terms of mass) or volumetrically (in
terms of volume). For electric vehicles, increasing the energy storage capacity
of the battery and, thus, the range is an important goal. The introduction of a
solid-state electrolyte can increase the energy density by 70 % volumetrically
and 40 % gravimetrically [20]. This is mainly due to the introduction of
lithium metal anodes with their superior energy density and is, therefore, a
key part of the strategy, especially in terms of safety.

Safety has always been paramount in battery technology. Solid-state

batteries inherently offer an improved safety profile. The transition from
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Figure 1.7. Schematic of the architecture of a conventional lithium-ion
battery and a lithium-metal solid-state battery.

a flammable liquid electrolyte to a non-flammable solid variant not only
reduces the risk of leakage and, thus, contamination and environmental
hazards but also significantly reduces the likelihood of short circuits. This
safety improvement is further enhanced by the fact that solid-state batteries
completely eliminate the potentially hazardous liquid electrolyte [40]. Some
early solid-state battery designs are pursuing the idea of retaining minimal
amounts of liquid electrolyte, particularly at the interface between the elec-
trolyte and the active materials [41]. Yet these hybrid designs should be
viewed more as a transition to true all-solid-state batteries. However, the
transition to solid-state batteries comes with its own challenges. Choosing

the right solid-state electrolyte material plays an important role in selecting
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the perfect solid-state setup.

Solid-electrolytes

A key innovation in solid-state batteries is the solid electrolyte, which is
responsible for transporting lithium ions between electrodes while acting
as an insulator against electronic charges. The key properties of a solid
electrolyte can be grouped into three categories (i) electrochemical and ion
transport properties, (ii) material and mechanical characteristics, and (iii)

manufacturing and economic aspects [42].

Electrochemical and ion transport properties The ion transport char-
acteristics of a solid electrolyte are critical. As a rule, it must allow rapid
ion movement with an ionic conductivity close to or better than liquid elec-
trolytes, about 107> to 1072 S ecm™! at room temperature [43]. A wide
electrochemical stability window of O - 5 V is desirable to ensure safe op-
eration with different electrode materials and over a wide potential range
(Figure 1.8) [44, 45]. The electrolyte should also provide low ion flow re-
sistances close to those of liquid while preventing electron movement that

would otherwise result in energy loss.

Material and mechanical characteristics Materials must be chemically
compatible with other battery components to prevent undesired reactions
that can degrade battery performance. They should also have sufficient ther-
mal stability to 1000 °C, such as oxide-electrolytes, to withstand temperature

changes without degradation and ensure safe operation [47]. In addition,
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Figure 1.8. Electrochemical window and ionic conductivity of selected solid
electrolytes and a typical liquid electrolyte. A visible gap in ionic conductivity
appears between solid and liquid electrolytes. Adapted from Chen et al. [46]

the materials should be environmentally friendly, taking into account the
environmental impact of batteries from raw material extraction to production
and recycling. They must support the general trend toward sustainability

[48].

Manufacturing and economical aspects For solid-state batteries to be
economically viable, their manufacturing processes must be simple and
inexpensive. Simplifying these processes is key to reducing costs and ensuring
that batteries are competitively priced in the marketplace. The projected
price in 2030 is 80 USD kWh™!, so new materials and batteries should be

designed for easy integration into devices without the need for complex
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modifications [49]. Such manufacturing and economic considerations are
critical to the adoption and success of solid-state batteries as they move from

innovative concepts to mainstream energy storage solutions [39].

Numerous materials have shown potential, yet often one must balance
between their ionic conductivity, their ability to remain stable across different
electric potentials, and their ease of production and integration. Achiev-
ing all of these properties simultaneously is challenging, which has led to
the emergence of different classes of electrolytes, each with its own set of
strengths and weaknesses. Figure 1.9 summarizes these properties for differ-
ent solid-state electrolyte classes. This Thesis focuses on the first two classes

of electrolytes: the oxide-based electrolytes and those used in thin-film

battery technology.
Oxide Thin film Sulfide
Chemical Chemical Chemical
stability stability stability
Thermal Oxidation Thermal Oxidation Thermal Oxidation
stability stability stability stability stability stability
Mechanical Reduction ~ Mechanical Reduction Mechanical Reduction
properties stability properties stability properties stability
Processing Ion Processing Ton Processing Ion
cost Device selectivity cost Device selectivity cost Device selectivity
integration integration integration
Hydride Halide Polymer
Chemical Chemical Chemical
stability stability stability
Thermal Oxidation Thermal Oxidation Thermal Oxidation
stability stability stability stability stability stability
Mechanical Reduction ~ Mechanical Reduction Mechanical Reduction
properties stability properties stability properties stability
Processing Ion Processing Ton Processing Ion
cost Device selectivity cost Device selectivity cost Device selectivity
integration integration integration

Figure 1.9. Radar plots of the performance characteristics of various solid-
state electrolytes. Adapted from Manthiram et al. [42]
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Garnet-type electrolytes

The advancement of solid-state batteries has included important research
into inorganic oxide electrolytes. Materials such as NASICON
(Liy4 Al Gey_, (PO4)3), perovskite-type (Lig,Lay s, TiO3), LISICON-like
(Li;oGeP,S;,), and garnet types (Li;La;Zr,0,, also known as LLZO) are at
the forefront of current research [50]. Figure 1.10 compares the normalized
ionic conductivity, the activation energy of lithium-ion conduction between
selected families of structures, and corresponding structures. Bachman et
al. [51] show that LISICON-like electrolytes, especially with sulfur anions,
exhibit the highest conductivities, but are water-sensitive and less stable, re-
quiring handling under inert conditions. Perovskites and NASICON-like com-
pounds, although lower in conductivity, face challenges in high-temperature
sintering and lithium metal stability. Garnet electrolytes, on the other hand,
are relatively stable and present fewer synthesis challenges, although they

require precise sintering for optimal performance.

Due to its promising properties for solid-state batteries, the garnet-type
solid electrolyte LLZO has been the focus of intense research. This material,
discovered in 2007 by Ramakumar et al. [52], has an ionic conductivity
between 10™* and 1072 S cm™! at room temperature, making it an ideal
conductor of lithium ions [53]. Of particular note is its stability in contact
with metallic lithium anodes and its ability to operate over a wide range of
voltages without degrading [54]. This compatibility can lead to solid-state
batteries with higher energy densities, making them safer and more efficient

than those with liquid electrolytes, which are prone to flammability and
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Figure 1.10. Ionic conductivities for selected lithium-ion electrolytes at room
temperature. In the structure diagrams, gray spheres represent lithium ions
and red spheres represent oxygen ions. [51]

stability issues. Researchers have made significant progress in understanding
LLZO, focusing on how it can be synthesized, how it interacts with electrodes
and the processes that can cause it to degrade over time.

LLZO manifests itself in different crystal structures that directly influence
its ionic conductivity. Of particular importance are the less conductive but
more thermodynamically stable tetragonal phase and the more conductive
cubic phase [55]. The cubic phase is characterized by a specific arrangement

of atoms that allows lithium ions to move efficiently through the material - a
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necessary property for batteries that charge quickly [56].

To further improve the properties of LLZO, researchers have developed
methods to stabilize the cubic phase at room temperature. This is achieved
by replacing lithium with trivalent metal ions such as aluminum, gallium,
iron and others [57, 58]. This substitution not only stabilizes the cubic
phase, but also improves other material properties such as density and
critical current density, which are important for fast charging and long-
term battery performance. Figure 1.11 summarizes the different chemical
compositions possible in garnet-type electrolytes. Classification of LLZO
into different subtypes based on lithium content shows a clear trend: ionic
conductivity increases with lithium content [54, 59, 60]. However, not all
lithium positions in LLZO contribute to this mobility.

The most advanced form of LLZO is the cubic Li, phase (so-called "Li-
stuffed" garnet compositions), which achieves high ionic conductivity by
incorporating zirconium into its structure and balancing the charge with
additional lithium ions [54]. This version of LLZO has the lowest activation
energy for lithium-ion movement, making it the most efficient in the garnet
class and a key material in the evolution of solid-state batteries. For a more
detailed review of LLZO, its crystallological properties, and recent advances,

see Wang et al. [56].

LiPON thin-film electrolyte

Some solid electrolytes can be manufactured as thin films by vapor
deposition processes such as radio frequency sputtering. These thin-film

solid electrolytes have been available since the 1980s, starting with materials
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Figure 1.11. Different chemical compositions possible in garnet-type Li-ion
conductors. [56]

such as Li;»Si3P, 0, or LisPO,-P, S5 [61, 62]. Among these materials, lithium
phosphorus oxynitride (LiPON) stands out as a key material for solid-state
batteries. LiPON was developed at Oak Ridge National Laboratories in the
early 1990s and tailored specifically for thin film battery applications [63,
64]. The addition of nitrogen to the Li,O—P,05 glass system increases the
cross-linking between the phosphate chains due to the substitution of non-
bridging oxygen ions in the glass network (see Figure 1.12) [65]. This
results in double and triple-coordinated nitrogen and an ionic conductivity
of about 107® S em™'. Although its ionic conductivity is at the lower end of
conventional liquid electrolytes - between 1078 and 107® S cm™! - LiPON’s

performance is well suited to the requirements of solid-state batteries [66].
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This suitability stems from its shorter lithium-ion transport and thus fast

charging capability.
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Figure 1.12. Partial structure of the nitride Li3PO4 thin film glass with the
incorporation of = N-. Adapted from Fleutot et al. [65]

There are several methods for synthesizing LiPON, including sputtering
[67], chemical vapor deposition [68], atomic layer deposition [69], and
solid state reactions. Each technique has its own advantages and influences
the final properties of the LiPON layer. Typically, LiPON is deposited by RF
magnetron sputtering from a Li,PO5 ceramic target using a nitrogen process
gas for reactive sputtering. The resulting films are amorphous, with no
columnar microstructure or boundaries. The stoichiometry of LiPON can
be varied by co-sputtering with Li,O, allowing its properties to be precisely
tuned to the requirements of each application. This tunability is important
to ensure that the electrolyte exactly matches the requirements of different
devices [67, 70].

In solid-state batteries, LiPON serves a dual function as an electrolyte
and a protective layer. As an electrolyte, it facilitates the movement of
lithium ions between the electrodes; as a protective layer, it prevents the

formation and penetration of dendrites, thereby increasing the safety and

longevity of the battery. LiPON’s chemical resistance is also remarkable.
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When LiPON comes into contact with lithium metal, it decomposes into a
layer of Li;POy,, LisP, LisN, and Li,O, which prevents further degradation
such as a SEI in conventional liquid batteries. It also withstands a wide range
of environments, which is why it is used not only for energy storage but also
for a range of other applications such as MEMS [71].

In addition, other electrolyte types such as LATE LLZO, or LAGP have
been developed as thin-film systems in recent years [72-74]. However, they
have never been able to match the robustness, performance and market

penetration of LiPON.

1.3 Thin-film batteries

Thin-film batteries are a potentially transformative technology for minia-
turizing electronic devices and powering microscale computers, sensors, and
robots [75]. An advantage of thin-film batteries is that they can be integrated
directly into devices without the need for packaging. This integration not
only simplifies the design of the device but also improves the user experience
by providing seamless power without the interruption of maintenance [76].

In terms of safety, solid-state micro-batteries offer similar improvements
over traditional batteries, such as bulk solid-state batteries. They do not
contain flammable liquids or environmentally harmful substances, making
them a safer choice for consumers and the environment. Another important
aspect of these batteries is their ability to withstand high temperatures.
Unlike lithium metal batteries, which cannot withstand the high temperatures

of soldering processes commonly used in microelectronics due to lithium’s
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low melting point of 180.5 °C, the anode-free technology in thin-film batteries

can withstand temperatures up to 260°C [77, 78].

The architecture of these batteries includes a solid electrolyte that sepa-
rates the anode from the cathode, with the electrolyte layer often only a few
hundred nanometers thick. This compact separation is significantly thinner
than the separators found in conventional batteries and thus allows high C

rates due to a shorter diffusion length [79].

The first commercial thin-film batteries — EnFilm ™ micro-battery
EFL700A39 - appeared around 2014, with capacities in the tens of microamp-
hours (pAh) range by STMicroelectronics. These batteries typically use Li-
CoO, as the cathode and metallic lithium as the anode, with LiPON as the
electrolyte. The overall capacity of the battery is primarily determined by
the capacity of the cathode, which is only <1 mAh. To increase the capacity
without increasing the size of the battery, a 3D structure can be used to
increase the active area within the same footprint [80]. Another innovative
approach is monolithically bipolar stacking yielding in the BTRY AG venture
[81]. However, thin-film battery manufacturing is complex and involves vac-
uum deposition techniques such as sputtering, pulsed laser deposition, and
atomic layer deposition. These processes are particularly costly, highlighting
the economic considerations in thin-film battery manufacturing, and remain

one of the biggest obstacles.

In addition to industrial considerations, the layered structure of thin-film
batteries provides well-defined interfaces with a total thickness often less
than 5 pm (see Figure 1.13a). The key advantage of thin-film batteries is

their precise interfacial cell geometry, which makes them an excellent model
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Figure 1.13. (a) Schematic of a thin film battery consisting of Li metal
anode, LiPON electrolyte, and LCO cathode on an alumina substrate. (b) A
cross-sectional view showing the well-defined interfaces in TFB

for in-depth studies of interfaces and electrochemical processes in solid-
state battery systems. It also eliminates the need for additional components
such as binders or carbon black. It allows the properties of a battery to be
studied in a simplified environment, which is useful for understanding the
materials and behavior of batteries in a controlled environment, as shown
in Figure 1.13b. Throughout the course of the work, thin-film batteries
were primarily employed as a model system to explore and validate various

theoretical and practical concepts.

1.4 Interfaces and their challenges

One of the major engineering challenges in solid-state battery research
is the creation of stable interfaces between the different components of the
battery. Computational models are instrumental in predicting the stability of
these solid electrolytes, and experimental investigations provide insight into

the nature of different interfaces within solid-state batteries [82]. Figure 1.14
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summarizes the challenges associated with the electrode interfaces.

Composite
cathode
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current
collector

Li-metal Solid-state

anode electrolyte

Negative
current
collector

Li-metal anode/SSE Interface: Cathode/SSE interface:

- Uneven lithium plating & void formation - Insulating Interphase formation (CEI)

- Dendrite Growth - SSE Oxidation & Li Deficient Interphase
- Insulating Interphase formation (SEI) - Particle & Interfacial cracking

Figure 1.14. Schematic of an all-solid-state lithium metal battery with chal-
lenges highlighted. At the anode/SSE interface, challenges include uneven
lithium plating, void formation, and dendrite growth. At the cathode/SSE
interface, challenges include interfacial impedance, oxidation, and cracking.

Of particular interest is the interface between the cathode and the solid
electrolyte. This interface is critical for ion transport - a key determinant of
battery efficiency - and for maintaining the thermodynamic stability required
for long-term operation. Another concern is the integration of metallic
lithium and the potential reduction of the solid electrolyte, which can result

in the formation of conductive by-products that degrade battery performance.
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Cathode related challenges

The interface between the cathode and the solid electrolyte emerges as
a critical factor affecting the rate performance and lifetime of the battery.
This is in stark contrast to liquid electrolyte batteries, which do not require
the same degree of rigid integration. All-solid-state batteries, especially
those composed entirely of oxide components, require a high-temperature
co-sintering process to achieve intimate bonding [83]. However, the for-
mation of an insulating cathode-electrolyte interphase (CEI) is a common
consequence of high-temperature processing [84, 85]. This CEI layer, while
sometimes beneficial as a protective barrier, can impede ion transport if
it becomes too resistive. The goal is to control the formation of this layer
to ensure that it provides protection without significantly reducing ionic
conductivity.

To counteract interface degradation, efforts on interface engineering
and cathode coatings are crucial [86]. In particular, metal oxide barriers
can be deposited to act as a protective barrier at the cathode-electrolyte
interface. They prevent transition metal dissolution and side reactions and
limit cathode degradation and electrolyte decomposition [87, 88]. The most
stable interlayer materials were predicted to have compositions along the
interface between Li,O and a metal oxide [86]. These coatings are designed
to be chemically and electrochemically compatible with both the cathode

and the solid electrolyte. Their roles include:

* Blocking chemical interdiffusion to prevent unwanted reactions that

can degrade the battery’s performance.
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* Accommodating the physical volume changes of the cathode material

to maintain integrity and contact throughout the battery’s operation.

* Efficiently conducting lithium ions and electrons, ensuring the battery

can charge and discharge at the desired rates.

Secondly, the solid-state electrolyte is susceptible to oxidation and the
creation of a lithium-deficient interphase, particularly in the presence of high
voltages or incompatible cathode materials [89-91]. This degradation can
lead to a decrease in the battery’s overall ionic conductivity and an increase
in resistance, ultimately reducing the battery’s efficiency and life span.

Lastly, particle and interfacial cracking present significant concerns. The
brittle nature of ceramic solid electrolytes means they cannot easily accom-
modate the stress caused by the repeated volume changes of the cathode
during battery cycling [92]. This can result in the loss of physical contact at
the interface, leading to increased resistance and, in some cases, complete

failure of the battery cell.

Anode related challenges

There are also several challenges to consider on the anode side of solid-
state batteries, especially when lithium metal is used. Incorporating lithium
metal into batteries is challenging due to its high reactivity, making anode-
free configurations an attractive choice. It increases energy density by up
to 30 % over lithium metal batteries and simplifies handling and manufac-

turing processes by using a bare current collector [93]. The lithium metal
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anode is then formed electrochemically during the first charge cycle by

electrodeposition of lithium from the cathode, known as plating [94].

The primary hurdle for anode-free batteries is the uneven lithium plating
and stripping process, which often leads to rapid capacity degradation. The
intrinsic reactivity of lithium metal, coupled with its substantial volume
changes during plating and stripping, promotes the formation of "dead"
lithium. In addition, there is no excess lithium inventory in anode-free
configurations to compensate for the active material loss due to side reactions

or dendrite formation, exacerbating these problems.

An additional challenge is to achieve homogeneous plating and stripping
of the lithium, as irregularities lead to dendrite formation. Dendrites, if
allowed to grow uncontrolled, will extend through the electrolyte, causing
short circuits and safety concerns [95]. Uneven stripping can lead to the

formation of voids, degrading contact quality, and increasing resistance.

These difficulties are compounded by the reactivity of lithium with the
electrolyte, the need for a stable solid electrolyte interphase (SEI), and
physical changes to the cell architecture due to repeated plating and stripping
cycles [96, 97].

Seed or protective interfacial layers are being explored as a promising
strategy to address these challenges [98, 99]. These layers aim to stabilize
the electrochemical interface, facilitate uniform lithium-ion flow, and inhibit
dendrite growth. They can consist of a variety of materials, including carbon-
based materials or specific metals capable of forming stable alloys with
lithium [100]. The aim is to provide a uniform and stable interface capable

of withstanding the stresses and strains associated with lithium plating and
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stripping while maintaining ionic conductivity and mechanical integrity [97,

101, 102].

1.5 Aim and structure of the Thesis

The first objective is to address the interfacial challenges in all-solid-
state batteries by focusing on the integration of Li;La;Zr,05 (LLZO) solid
electrolytes with LiCoO, high-energy cathodes. The combination of ceramic
solid electrolytes and high-energy cathodes often requires co-sintering at high
temperatures for effective bonding. However, this process faces hurdles due
to diffusion processes andsolid-statee reactions that increase the interfacial
impedance. This work investigates various lithiated metal oxide interlayers
as potential diffusion barriers to counteract Co/La interdiffusion and improve
overall battery performance. Specifically, different lithiated metal oxide
interlayers deposited by physical vapor deposition (PVD) sputtering are
compared, and their effectiveness as diffusion barriers and in improving
battery performance is evaluated.

The second objective of this Thesis is to advance the integration of a
lithium metal anode in all-solid-state batteries, addressing the hurdles of
inhomogeneous plating and delamination. This issue, characterized by
uneven lithium distribution and current concentration after lithium plating,
often leads to dendrite growth or void formation, resulting in battery failure.
The potential solution lies in anode-free solid-state batteries that use seed
layers to direct lithium nucleation and enhance nucleation dynamics. This

study investigates the role of different seed layers (gold, platinum, and
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amorphous carbon) placed between the LiPON solid-state electrolyte and
the copper current collector. Specifically, the focus is on evaluating how
these layers influence lithium nucleation dynamics and affect the overall
performance of an anode-free thin-film battery.

Chapter 1 provides historical and theoretical background on lithium-ion
batteries and the challenges they face. Chapter 2 describes the fabrication
and characterization methods used for thin film batteries. The first part of
Chapter 3 presents the study of various lithiated metal oxide interlayers at the
cathode interface. The second part of Chapter 3 deals with an investigation
of the anomalous voltage drop observed in the first part of Chapter 3 and
possible hypotheses. The first part of Chapter 4 deals with the influence of
different seed layers and their impact on battery performance. The second
part discusses the development of an optical 3D microscopy setup for the
investigation of lithium nucleation dynamics at non-ideal interfaces. Finally,

Chapter 5 gathers the conclusions and outlook of the Thesis.
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2 FABRICATION AND CHARACTERIZA-

TION

2.1 Fabrication techniques

Vapor deposition techniques are widely used for thin film synthesis, where
the deposition material is vaporized and condensed on a substrate to form
the film. The methods used in this Thesis involve physical vapor deposition

(PVD) processes, such as high-temperature evaporation or sputtering.

2.1.1 Substrate preparation

LLZO pellet preparation (Chapters 3and4) Commercially available LLZO
powder (AmpceraTM, Al-doped LLZO, 500 nm nanopowder) was uniaxially
compacted in 80 mm? compression molds at a pressure of approximately
15 kN. The pellets were then isostatically densified at 1000 kN. All sides
of the pellets were polished with sandpaper for initial removal of surface

contaminants. The pre-polished pellets were then covered with pure LLZO
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powder and embedded between two Al,O5 crucible lids before being placed
in a tube furnace (Gero Carbolite). The mixture was sintered at 1140 °C for
10 min (heating and cooling rate of 450 °C h™!) under a constant nitrogen
gas flow. Subsequently, the sintered pellets were first polished to a thickness
of about 1 mm with rough SiC 320 grit polishing paper and later further
polished with 800 grit paper. The resulting pellets were then heat treated in
an Ar-filled glove box at 900 °C for 10 min to clean the LLZO surface from
high resistance Li,CO3/LiOH impurities. The pellet diameters were 7.5 mm

with a thickness of 700 pm.

Glass preparation (Chapters 3 and 4) For all glass substrate experiments,
the soda-lime glass substrates were thoroughly cleaned with 2-propanol prior

to deposition. Subsequently, they were dried with N, gun and used directly.

2.1.2 RF magnetron sputter deposition

Sputtering involves the knock-out of atoms from a target material to
create a coating on a substrate. Figure 2.1 shows a schematic of the depo-
sition chamber and the system used in this Thesis. The sputtering process
takes place under vacuum, which is essential to reduce impurities in the
resulting film. Inside this chamber, an inert gas, typically argon, is ionized by
an electric current. The positively charged ions produced by this ionization
then bombard the target material. This bombardment causes atoms to be
ejected from the target and deposited as a thin film on the substrate [103].
Radio-frequency (RF) sputtering enhances the sputtering process by using

an alternating current to generate radio waves that ionize the gas. While
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RF sputtering is slower than direct current (DC) sputtering, more commonly
used in industry, it is necessary to deposit insulating ceramics such as LiCoO,,
NMC, or dielectric materials such as LiPON or LLZO. These materials are

crucial in thin film battery technology [104-106].
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Figure 2.1. a) Schematic of a sputtering machine and b) photo of "ATC-Orion
5 UHV" sputtering system used in this Thesis

The experimental conditions are tailored to the specific materials un-
der investigation. RF magnetron sputtering was used as the primary thin
film deposition technique. An ATC-Orion 5 UHV sputtering system (AJA

International Inc.) with 2-inch targets was used for all sputtered depositions.

Li-Me-O interlayers (Chapter 3) A 10 nm thick amorphous lithiated metal
oxide (Li-Me-O) film was deposited by RF sputtering. For this purpose, pure
metals (99.9 9% Al, 99.995 % Ti, and Nb) were sputtered together with a
Li,O target (Toshima Manufacturing Co., 99.9 %). The distance between
the pellets and the sputtering targets was set to 25 c¢cm, and the sample
stage was rotated during deposition. The deposition conditions were 6.1 W

em™2 for Li,O at a pressure of 3 Pa and a gas flow of 24 sccm Ar + 1 sccm
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Ar/0, at room temperature. The power density for the metals was 1 W cm™2

(Nb), 1.5 W cm™2 (Al), and 0.8 W cm™2 (Ti). For XPS analysis, the films
were deposited on a glass substrate and analyzed as-deposited. The thin
film interlayers at the solid electrolyte-cathode interfaces may not retain
their precise stoichiometric compositions as originally deposited. These
compounds may transition to amorphous states, deviate from stoichiometry,
or become mixed compositions due to processes such as interdiffusion, co-

sintering, or the effects of electrochemical cycling.

LCO cathode deposition and heat treatment (Chapter 3) A LiCoO,
(Toshiba Manufacturing Co., 99.9 %) target was used to prepare films with
a thickness of 300 nm and a diameter of 6 mm for the first part of Chapter
3 and 600 nm for the second part. The sputtering conditions were 5.9 W
cm 2 at a pressure of 3 Pa and a gas flow of 24 sccm Ar + 1 sccm O, and at
room temperature. The battery stacks (LCO/interlayer/LLZO) were sintered
at elevated temperatures (heating to 500 °C for XAS, FIB-SEM, and cycling;
700 °C for EIS, heating rate of 5 °C min~!, cooling naturally) for two hours in
a tube furnace (Carbolite Gero GmbH & Co.) at atmospheric pressure with a
0, gas flow. Further details of the deposition conditions and film properties

can be found in the publication by Filippin et al. [107]

LiPON deposition (Chapter 4) Lithium phosphorus oxynitride (LiPON)
solid electrolyte was sputtered onto the current collector/seed layer stack.
This deposition was performed unheated and resulted in a 1 pm thick LiPON
layer using the co-sputtering technique with of Li;PO,4 (99.95 %, Kurt J Lesker

Co., rate about 0.7 nm s~') and Li,O (99.9 %, Toshima Manufacturing, rate
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about 0.6 nm s™!) ina N, atmosphere (flow set to 50 SCCM) at powers of
100 W and 120 W, respectively, and a working pressure of 4*10~2 mbar. The

distance from the target to the substrate was set to 25 cm.

Pt and amorphous C seed layer (Chapter 4) Platinum (99.99 % Pt,
Plasmaterials) and amorphous carbon (99.9 % pure graphite, Mo-bonded,
Plansee SE) were deposited using the Orion sputtering system (AJA Interna-
tional Inc.) at thicknesses of 10 nm and 50 nm, respectively. The deposition

rate was 2.5 nm min~" for platinum and 0.8 nm min™! for carbon.

Cu current collector on LLZO (Chapter 4) Copper (99.995 % Cu, AJA)
was deposited to a thickness of 5000 nm. The deposition rate was approxi-

mately 30 nm min~! at 175 W with a 30 sccm Ar flow at 3 mTorr.

2.1.3 Thermal evaporation

Thermal evaporation involves heating materials to their vaporization
point in a high vacuum, typically using resistance heating [108]. The materi-
als then travel from the source to the substrate, forming a thin film coating.
A schematic of a thermal evaporation chamber and the system used in this
Thesis is shown in Figure 2.2. A Nexdep thermal evaporator (Angstrom

Engineering Inc.) was used for all thermal depositions.

Current collectors (Chapters 3 and 4) As current collectors, 60 nm thick
Au contacts with a diameter of 6 mm were deposited on LLLZO stacks from

Au (ingots, 4N) at a rate of 0.5 As™! at a pressure of 1 x 10~* Pa. For EIS
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Figure 2.2. a) Schematic of a thermal evaporator and b) photo of Nexdep
thermal evaporator used in this Thesis

characterization, we fabricated symmetric cells by depositing Au on the LCO
film and the polished back side of the LLZO pellet. Since these symmetric
cells have no anode-electrolyte interface, the change in EIS was only the
result of changes at the cathode-electrolyte interfaces (Chapter 3).

A 250 nm copper layer (Cu 99.999 %, Thermo Fisher Scientific) was ther-
mally deposited on the glass substrates using a Nexdep evaporator (Angstrom

Engineering Inc.) at a rate of 1 As7!

. A 100 nm layer of copper was thermally
deposited on top of the lithium as the final step of the protocol. Throughout
the deposition process, a quartz microbalance was used to ensure precise

control of the film thickness (Chapter 4).

Lithium deposition (Chapters 3 and 4) For electrochemical cycling of
LLZO stacks, Li metal foil anode was isostatically pressed onto the polished
pellet at 1000 kN inside a vacuum-sealed airtight latex cover. Full cells were
cycled at 80 °C (Chapter 3) and at room temperature (Chapter 4).

After LiPON solid electrolyte deposition, a layer of lithium (99+ %,

CHAPTER 2



Thermo Fisher Scientific) was added by thermal evaporation at a rate of 25
As™!, forming a 6 pm thick layer with 0.1 cm diameter shadow masks to

evaporate individual lithium reservoirs as separate cells (Chapter 4).

Au seed layer (Chapter 4) A 10 nm thick layer of gold (Au 99.99 %,
Heimerle + Meule GmbH Scheideanstalt) was thermally deposited on the
copper current collector using the Angstrom Engineering Inc. system at a

rate of 0.2 As™L.
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2.2 Characterization

2.2.1 Electrochemical characterization

Cyclic voltammetry (Chapter 3) Cyclic voltammetry scans were measured
at a sampling rate of 0.1 mV s~! between 3 and 4.25 V vs. Li/Li* and were

repeated three times prior to galvanostatic cycling at 80 °C.

Galvanostatic cycling (Chapters 3 and 4) Galvanostatic measurements of
LLZO stacks were performed in a split coin cell on a hot plate in an Ar-filled
glove box at 80 °C using a Squidstat potentiostat (Admiral Instruments) with
a prior OCV step for 3 h at a current density of 1.75 pA cm™2 (C/10 for 300
nm and C/20 for 600 nm cathode layers) between 3 V and 4.2 V (Chapter
3).

The investigation of seed layers included galvanostatic experiments in-
volving the deposition and stripping of a dense lithium metal layer. The
constant current conditions were set for a certain duration to obtain a lithium
layer of 250 nm or 1 pm, depending on the experiment. A 1 pm layer was
cycled at 0.2 mA cm™2. Varying current densities for lithium plating and
stripping were tested at current densities ranging from 0.2 to 8 mA cm ™2 in
increments of 0.2 mA cm™2. Each current density increment was repeated
five times and maintained for a time corresponding to an offset capacity of
0.05 mAh cm™2. A detailed protocol can be found in Appendix A.3.

The study of plating between LLZO and copper was performed under an

Ar atmosphere at room temperature using a Squidstat potentiostat (Admiral
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Instruments) (Chapter 4 - Part 2).

Electrochemical impedance spectroscopy In the context of lithium-ion
battery research, electrochemical impedance spectroscopy (EIS) is an ad-
vanced non-destructive analytical method. Ohm’s law defines how a circuit
element resists the flow of current and relates voltage to current by a linear
relationship:

R= 2.1)

E
T
However, this concept applies mainly to ideal resistors, which have a
constant resistance regardless of frequency. Electrical circuit elements (e.g.
capacitors, inductors, etc.) often exhibit more complex behavior, requiring
the use of impedance (Z). Impedance extends the idea of resistance with
a complex representation and provides a more comprehensive measure of
a component’s ability to resist electrical current. In this technique, a small
sinusoidal perturbation voltage (E(t)) (or current) is applied to the system,
and the resulting current (I(t)) (or voltage) response is measured. The
impedance, Z(t), is calculated using the equation:
E(t)

EIS can be performed in two primary modes: Potentiostatic EIS (PEIS)
and Galvanostatic EIS (GEIS). PEIS applies an AC voltage, while GEIS applies
an AC current. By altering the frequency of the input signal in EIS, it is

possible to study processes over different time scales, making it a versatile
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tool for investigating different dynamic behaviors in batteries. In the context
of this Thesis, only the potentiostatic EIS mode was used, which uses a small
excitation signal (| AE |< 50 mV). The current response to a sinusoidal
potential input is also sinusoidal but with a phase shift (see Figure 2.3b).

The sinusoidal voltage excitation, E(t), is expressed as

E(t) =| AE | sin(wt) (2.3)

Where | AE | is the peak voltage amplitude, w is the angular frequency,
and t is the time. The small amplitude of the perturbation allows two
critical assumptions: first, that the input and output have identical functional
forms, and second, that they have a pseudo-linear relationship. In such a
linear or pseudo-linear system, data analysis is facilitated and helps to avoid
irreversible changes in the electrochemical system under study. In a pseudo-
linear system, the response signal, I(t), has an amplitude | AI | and is

phase-shifted ¢:

I(t) =| AI'| sin(wt + ) (2.4)

An expression equivalent to Ohm’s law is used to calculate the impedance
of the system, which is expressed by the magnitude | AZ | and the phase

shift ¢ (see Equation (2.2)).

E(t) | AE]|sin(wt) N sin(wt)

Z= I(t) | AIlsin(wt+¢) sin(wt + ¢)

2.5)

Plotting the sinusoidal response signal I(t) on the Y-axis and the applied

sinusoidal signal E(t) on the X-axis of a diagram yields an oval called a
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"Lissajous figure" (Figure 2.3c). Using Euler’s relation (¢/® = cos(®) +
jsin(@®)), it is possible to represent the impedance as a complex function,
with the potential (Equation (2.6)) and current response (Equation (2.7))

derived accordingly:

E(t) =| AE | eU®) (2.6)

I(t) =| AI | eU@t=9) 2.7)

The impedance is finally obtained as a complex number - composed of
a real and an imaginary part - and is usually plotted on a "Nyquist plot"

(Figure 2.3d).

Z(w) =| AZ | (cos(¢) + jsin(¢)) (2.8)

A Nyquist plot is an important tool for visualizing the frequency response
of a system. This plot represents the impedance as a vector of length | Z |
at different frequencies (Figure 2.3d). In a Nyquist plot, lower frequencies
appear on the right, while higher frequencies appear on the left. However,
Nyquist plots have one notable limitation: they do not directly indicate the
frequency corresponding to each data point. This can make interpretation
difficult, especially when correlating impedance behavior with specific fre-
quencies. To overcome this, Bode plots are often used as a complementary
visualization method. In a Bode plot, the logarithm of frequency is plotted on
the X-axis, while the Y-axis displays two parameters: the log of the absolute

value of the impedance (|Z| = Z,) and the phase shift (Figure 2.3d).
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Figure 2.3. A sinusodial potential perturbation is applied from high to
low frequencies (b), and the electrochemical response to this perturbation
is measured in the pseudo-linear domain (c). The impedance data are
presented in Nyquist (d) or Bode plots (e). Fitting the spectra using an
equivalent circuit model to interpret the system under investigation (f).
Adapted from Wang et al. [109]

Analysis of impedance data often involves fitting it to an equivalent cir-
cuit model, where each component has a distinct frequency response and
physical meaning. The fundamental properties of the system elements can
be determined by examining these responses. Such analysis is integral to the
development of equivalent circuit models. Electrochemical impedance spec-
troscopy models typically include a network of elements arranged in serial or
parallel configurations. Table 2.1 lists common equivalent circuit elements
along with their physical interpretations in solid-state battery research [110].
The methodical arrangement of elements in a model facilitates a deeper
understanding of how each component contributes to the overall behavior
of the system (Figure 2.3e). A more detailed overview of the subject is given
in the book "Electrochemical Impedance Spectroscopy" by Mark E. Orazem

and Bernard Tribollet [111], while this chapter is based mainly on chapters
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1and 4 [112, 113].

Table 2.1. Common equivalent circuit elements, formulas, and physical
interpretations in solid-state batteries [110].

Element Symbol Formula Physical Meaning in Solid-state Batteries

Resistor (R) R R Represents the bulk ionic and grain boundary resistances of the
solid electrolyte and the charge transfer resistances between
the electrolyte and the electrodes.

Capacitor (C) C ﬁ Represents the charge accumulation or depletion that occurs
across the phase boundaries and at the electrolyte/electrode
interface.

Constant Phase Ele- 1 L. . . .

= Similar to the capacitor, but used for non-ideal capacitances
ment (CPE) Q VoG w) P > pi

that may be caused by inhomogeneity and porosity of the
electrochemical materials and interfaces.

Warburg (W) w ” ‘lr Represents resistance due to mass transfer (diffusion), which
© . ) -
vy is most evident at low frequencies.

Inductor (L) L jwL Represents high-frequency impedance contributions associated
with wound wires/connections and low-frequency degrada-
tion.

EIS measurements of symmetric cells (Chapter 3 - Part 1) were per-
formed between 5 MHz and 1 Hz with an AC amplitude of 50 mV using
a Paios instrument (Fluxim AG) at room temperature. Impedance spectra

were fitted using Zview4 software (Scribner Associates Inc.).

EIS measurements of whole cells (Chapter 3 - Part 2) were performed
between 2 MHz and 100 mHz with an AC amplitude of 50 mV using a
Squidstat Plus potentiostat (Admiral Instruments) at 80 °C. A detailed cycling
protocoll can be found in Appendix A.2. Impedance spectra were fitted using

RelaxIS 3 software (rhd instruments).
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2.2.2 Material characterization

X-ray spectroscopy techniques (Chapter 3) X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption spectroscopy (XAS) are two important
techniques in the field of surface analysis. XPS is known for its ability to
probe the outermost layer of materials to depths of about 10 nanometers.
Because of its surface sensitivity, XPS is primarily tailored for surface char-
acterization rather than probing bulk material properties. Thus, it is not
possible to probe buried interfaces in solid-state batteries [114]. The ability

to detect buried layers in materials is one of the major advantages of XAS.

The surface composition of the lithiated metal oxide layers was analyzed
by X-ray photoelectron spectroscopy (XPS, PHI Quantera SXM). The Al K,
X-ray source is monochromated at 1486.6 eV and equipped with an Ar*
sputter source. The spectra were analyzed and processed using the CasaXPS
software. The experimental data were analyzed by curve fitting. All XPS
spectra were corrected for any charge effects by setting the C 1s binding

energy to 285.0 eV and we used a Shirley background subtraction.

The X-ray absorption spectroscopy (XAS) spectra for the O K edge and
the Co L, 3 edge were recorded at the SIM beamline (Surface/Interface
Microscopy) of the Swiss Light Source (SLS) in Switzerland. The total
electron yield (TEY) signal is derived from photoelectrons from the top
surface layer. In addition, to compare surface species with bulk components,
the total fluorescence yield (TFY) signal was acquired with a depth analysis
of several hundred nanometers. To reach the interface, the thickness of the

top LCO layer was reduced to 50 nm. The data were analyzed using Athena
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software and processed in Python.

FIB-scanning electron microscopy (SEM) & energy dispersive X-ray spec-
troscopy (EDX) The structure of the battery stacks (Chapter 3) was studied
using a multifunctional field emission scanning electron microscope (FEI
Quanta 650) combined with a Thermo Fischer EDX system. In the prepa-
ration phase, cross sections were cut at 30 kV and 9.3 nA, followed by a
polishing process at 0.23 nA. For imaging, the ICE mode was used at 5 kV
and 0.1 nA. EDX imaging was performed using a 20 kV acceleration voltage
with a current of 0.4 nA. This methodical approach provided comprehen-
sive insight into the material composition and structural integrity of the
battery stacks. A Gaussian filter was applied to the EDX mappings (standard
deviation for the Gaussian kernel: X, = 2, 3;, = 3) using Python.
Cryogenic FIB-SEM (cryo-FIB-SEM) is another advance in this field. It
has been used in battery characterization of Li metal anodes to study beam
sensitive materials and interfaces within the battery system, ranging from al-
kaline metal anodes [115, 116], alloy anodes [117] and associated interfaces
[118, 119]. The plated lithium morphology in seed layer cells (Chapter 4)
was investigated using a Helios 600i TFS FIB/SEM system with a cryogenic
stage operated at -140 °C. A protective carbon layer was deposited prior to
FIB milling. The micrographs shown were taken in backscattered electron

mode (2 kV, 0.69 nA).

Other microscopy techniques (Chapter 4) Atomic force microscopy was
performed in air using the scanning mode of the ScanAnlyst (Bruker Icon 3).

A 2.5 pm x 2.5 pm area was scanned at a resolution of 256x256 pixels. Data
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analysis was performed using GWyddion 2.62. The top surface of battery
stacks was studied using an optical microscopy setup (KEYENCE VHX-7000).

Picture were taken in the RBG mode.
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3 CATHODE | SOLID-STATE ELECTRO-

LYTE INTERFACE

This chapter describes the integration of Li;La;Zr,0,5 (LLZO) solid-state
electrolytes with a high-energy LiCoO, cathode, focusing on the interfacial
impedances due to diffusion processes and solid-state reactions during co-
sintering at elevated temperatures. The study introduces lithiated Nb, Al, and
Ti metal oxide interlayers and investigates their role as diffusion barriers to
mitigate the formation of detrimental interphases at the cathode-electrolyte
interface, thereby facilitating efficient Li-ion transfer between LiCoO, and
LLZO.

It also evaluates how these modifications affect the electrochemical be-
havior of the battery stacks after high-temperature processing. The results
indicate a significant decrease in Co/La cation mixing at the interface when
metal oxide diffusion barriers are used. Electrochemical impedance analysis
shows that the interfacial impedance decreases, and cells with interlayers

have a higher discharge capacity.

In the second part of the chapter, the observed "kink", a voltage drop
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during discharge, is further investigated. To better understand the phe-
nomenon, the battery stack was tested at various C rates and with extensive
electrochemical impedance spectroscopy. The subsequent evaluation leads
to several hypotheses about the origin of the kink, including possible instabil-
ities in the solid electrolyte interphase, mechanical stresses in the electrode
materials, non-uniform lithium distribution, or subtle operational structural

changes.

Parts of the content of this chapter were published in Miiller et al. [120]:
Miiller, A.; Okur, E; Aribia, A.; Osenciat, N.; Vag, C. A. E; Siller, V.; Kazzi, M.
E.; Gilshtein, E.; Futscher, M. H.; Kravchyk, K. V.; Kovalenko, M. V.; Romanyuk,
Y. E. Benchmarking the Performance of Lithiated Metal Oxide Interlayers at the
LiCoO4|LLZO Interface. Mater. Adv. 4, 2138-2146 (2023).

Specific personal contributions to this Thesis chapter include conceptualization,
methodology, formal analysis, investigation, data curation, writing - origi-
nal draft, and visualization. Contributions were made in carrying out and

interpretation of XAS and XPS measurements, pellet fabrication, and revision.
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3.1 Introduction

The recent development of Li;LasZr,O,,5 (LLZO) and its doped com-
positions are promising as they have comparable conductivities as liquid
electrolytes (0 > 1 x 107* S em™!) [121], have high chemical stability [44,
122], are easy to handle in the environment, and therefore offer great oppor-
tunities for use in ASSBs. While the application of Li metal as anode has been
extensively studied and a sound progress has been achieved for its implemen-
tation [101, 123], the integration of high energy cathodes remains a major
challenge in ASSB development [124, 125]. The main obstacles include
electrolyte oxidation and the formation of Li-deficient interphases, mechani-
cal instability such as formation of microgaps due to volume changes of the
active materials, and cation interdiffusion due to co-sintering for intimate
bonding [89].

The most studied active cathode materials are layered cathodes such as
LiCoO, (LCO) or the LiNi,Mn,Co,0, (NMC) classes. Co-sintering of the
various transition metal oxides and ceramic electrolytes at temperatures
> 500 °C is required to ensure uniform physical contact [89]. On the one
hand, without such a high-temperature process, the interface would be
severely limited to point contacts, complicating the transfer of Li* charge
carriers involved in the redox reaction [126]. On the other hand, such
high-temperature processes also lead to the interdiffusion of elements and
the formation of phases from decomposition products [ 127-129] with high
interfacial impedances [130]. In their recent work, Yildiz and her team have

shown that the formation of secondary phases of decomposition products
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such as LaCoO; and La,Zr,0- has a significant impact on the dynamics of
the cathode-electrolyte interface [84, 131]. Furthermore, it is shown that
such phases can form not only at sintering conditions (>700 °C), which are
common for ceramics, but also at much lower temperatures (<500 °C) [132,

133].

To mitigate diffusion, so-called artificial solid electrolyte interlayers can
be deposited to act as a protective barrier at the cathode-electrolyte interface
[134]. Metal oxide barriers can improve the structural integrity of the
interphase and prevent the dissolution of transition metals and side reactions,
as well as limit cathode degradation and electrolyte decomposition [87, 88].
Understanding the oxidation kinetics of SEs and the suppression of interfacial
degradation during high-temperature fabrication and cycling is one of the

keys to determine the lifetime of an interlayer.

In their first-principles computational study, Nolan et al. [86] system-
atically investigate the thermodynamic stability of LLZO and high-energy
cathodes to identify the most promising materials that can stabilize the
interface. The most stable interlayer materials were predicted to have com-
positions along the interface between Li,O and a metal oxide. In particular,
ternary Li-Me-O compositions were found to be stable. However, experimen-
tal benchmarking and verification of these interlayers is needed to stabilize
the cathode-electrolyte interfaces and make ASSBs with high-energy cathode

materials feasible.

In the present study, the effects of interlayers predicted by Nolan et al.
[86] at the cathode-electrolyte interface are investigated. Three different

material Li-Me-O interlayers are benchmarked in terms of their compatibility
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with high-temperature fabrication and the resulting electrochemical perfor-
mance. By combining a thin film LCO cathode with a bulk LLZO electrolyte
as a solid-state battery model, the effects of each interlayer on battery perfor-
mance can be disentangled. In addition, the effects of interfacial modification
become more prominent, as the effects on a thin cathode layer are much
more pronounced than on a micrometer-thick bulk cathode. Reducing the
thickness of the cathodic layer also improves access to the interfacial area.
As a result, one has access to a wide range of characterization techniques for
understanding the properties of the interface.

By combining a thin film LCO cathode with a bulk LLZO electrolyte as
a solid-state battery model, the effects of each interlayer on battery perfor-
mance can be disentangled. Intermediate Li-Me-O layers of 10 nm were
deposited between the LCO and LLZO pellets by RF magnetron sputtering
to serve as an interlayer. The thickness of the interlayers was chosen based
on literature values showing that too-thin layers do not provide sufficient
protection, while too thick layers lead to an increase in resistance due to low

conductivity [101, 135-137].
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3.2 Benchmarking lithiated metal oxide in-

terlayers

3.2.1 Results and discussion

Cathode and interlayer characterization

To understand the chemical composition of all Li-Me-O interlayers, XPS
was performed on films deposited on a Si reference substrate (Figure 3.1).
For the Li-Nb-O film, the Nb 3d spectrum (Figure 3.1a) shows three distinct
peaks at 208.9 eV, 206.1 eV, and 203.5 eV. The main contributions can be
assigned to the +4 and +5 oxidation states of Nb, and a slight contribution
from metallic Nb in the lower energy range [138, 139]. In contrast, the Al
2p spectrum for the Li-Al-O composition (Figure 3.1b) shows a single peak at
73.2 eV with a slight shoulder in the lower binding energy region. The higher
intensity peak was assigned to the +3 oxidation state and the formation of
Al-O bond, while the low-intensity peak is attributed to metallic Al [140,
141]. The binding energy of the latter intensity is about 0.4 eV higher than
that of metallic Al. This is attributed to the fact that the binding energy of a
small metal cluster, such as in thin films, shifts to a higher value compared to
that of the bulk metal [142-144]. Figure 3.1c shows the spectrum of the Ti
2p signal for the Li-Ti-O thin film. The two peaks at 462.9 eV and 457.1 eV
correspond to the characteristic peaks for Ti>* [145]. While the contribution

of the main peaks is assigned to Ti®", the small shoulder in the lower binding
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energy regions at 454.5 eV and 461 eV and comes from Ti** and metallic Ti
[146].

A well-controlled oxidation state enhances interlayer stability, making
it resistant to atom diffusion and improving its function as a barrier during
high-temperature co-sintering [86]. Depositing interlayers in a pure argon
environment, free from reactive gases, reduces oxide formation, favoring
lower oxidation states or metallic phases. This can lead to interlayers with
increased density and modified electronic structures, enhancing their effec-
tiveness as diffusion barriers. However, less oxidized compounds tend to be
more reactive, potentially resulting in higher resistances [147].

Although the thin interlayers at the cathode-electrolyte interface do not
have an exact stoichiometric composition, they still form a trend in the space
of the ternary Li-Me-O composition. Subsequent co-sintering is apt to change
the composition in either direction. However, the influence of the respective
ternary Li-Me-O interlayers on cation mixing, especially of Co/La, and cell

performance remains to be investigated.

c)

a) — b)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

212 210 208 206 204 202 200 78 76 74 72 70 467 465 463 461 459 457 455 453
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.1. XPS spectra of the core-level metal spectra for a) Li-Nb-O, b)
Li-Al-O, and c) Li-Ti-O

To not obscure the morphology of the LCO cathode layers, the upper

60 nm thick gold layer was omitted for the SEM studies (Figure 3.2a). An
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apparent color change at the edge of individual cathode electrolyte lay-
ers after co-sintering can already be seen before the SEM examinations
(Figure 3.2b).While the color change is noticeable for the samples without
interlayer and Li-Ti-O interlayer, the color changes for the other two samples
(Li-Nb-O and Li-Al-O) are only faintly visible. This already indicates a possi-
ble solid-state reaction at the interface. To examine whether the morphology
of the cathode layer also undergoes changes during co-sintering, the stacks
were examined in the as-deposited and sintered states. Figure 3.2c shows
an SEM image of a stack as it was deposited. The image shows that the
LCO cathode film covers the entire surface and has an amorphous, homoge-
neous structure, which is crucial for the electrochemical functionality of the
battery. In contrast, Figure 3.2d shows the top view of a co-sintered stack
with micrometer-sized LCO crystallites. Thus, not only an apparent color
change at the edges of the cathode electrolyte layers but also a change in

the morphological structure of the uppermost cathode layer can be seen.

To detect the electronic structure changes that occur during the co-
sintering process, XAS measured in the fluorescence mode (TFY) was used
(Figure 3.3a). To reach the interface, the thickness of the LCO layers was
reduced to 50 nm. The XAS spectrum for the Co L, ;-edge is shown in Fig-
ure 3.3b for an LCO|LLZO sample after co-sintering at 500 °C in oxygen
compared to the deposited state. Looking at the XAS Co L, 3-edge, one can
see two absorption lines at 795.8 eV and 781.7 eV corresponding to the L,
and L, edges, respectively [148]. In the spectra of cobalt oxide, a shoulder on
the low energy side at 779.8 eV of the Co L, ;-edge indicates reduced cobalt

(Co?"), while a shoulder at higher energies indicates more oxidized states of
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Figure 3.2. a) Schematic of an LCO|LLZO stack, b) image after co-sintering
the pellets with LCO, (c) top view of an as-deposited LCO layer, and (d) top
view of the LCO layer after co-sintering at 500 °C.

cobalt [148]. As shown in Figure 3.3b, the contribution of the low-energy
shoulder decreases with annealing temperature in the co-sintered LCO | LLZO
sample. This change in the peak shape of the L;-edge indicates an increase in
the Co oxidation state during co-sintering. In addition, there is a significant
change in peak full width half maximum (FWHM) after co-sintering at 500
°C compared to the as-deposited state. Both edges - Co L, and L; - became
significantly sharper when heated to 500 °C. This change is consistent with
an increase in local order in the cobalt environment due to co-sintering, and
supports the earlier hypothesis that micrometer-sized crystallites form [131].

Figure 3.3c shows the O K-edge spectra for the LCO | LLZO sample without
interlayer, before and after thermal treatment, as well as reference measure-

ments on LCO and LLZO. The feature typical of LiCoO, at about 530.8 eV can
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be clearly identified for the as-deposited LCO|LLZO sample [149]. However,
annealing at 500 °C leads to a significant decrease in this feature, which
is most likely related to the sudden appearance of the large Li,CO; feature
(534.6 €V) [150]. Moreover, the peak associated with LLZO at 532.9 eV
lost intensity compared to LCO, suggesting that LLZO may decompose to

La,Zr,0; or LaCoO3/La,Co0,4 [146, 149].
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Figure 3.3. a) Schematic of the XAS measurement geometry, b) Co L, ;-edge,
and (c) O K-edge in fluorescence mode (TFY) for LLZO, LCO, and 50 nm
LCO|LLZO as-deposited and annealed at 500 °C in oxygen.

Figure 3.4a shows the Co L, ; XAS spectra for all samples tested. The
spectra show no noticeable variation between different interlayers, except
for differences between as-deposited and co-sintered samples. This variation,
characterized by a change in peak shape, suggests an increase in the local
order of the cobalt environment.

In the O K edge spectra (Figure 3.4b), similar observations are made:

no marked differences between interlayers at identical temperatures. The
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as-deposited sample shows a barely perceptible carbonate feature, while the
annealed samples show a distinct increase, overlapping the weaker signals
of LCO and LLZO.

In view of the fact that all samples were always handled under an inert
atmosphere or high vacuum and were not in contact with the environment,
we attribute this increase to contamination during sputtering by carbon
residues from other processes. This increase is attributed to carbon contami-
nation during sputtering, despite the fact that the samples were handled in
an inert atmosphere or vacuum. This contamination is thought to be due to
carbon residues from previous processes. Subsequent annealing in a pure
oxygen atmosphere eventually leads to oxidation of the carbonates. This is
supported by the fact that the pristine LLZO sample, which was not in the

sputtering chamber, has no Li,COj5 feature.
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Figure 3.4. a) Co L, ; X-ray absorption spectroscopy data, and b) O K X-
ray absorption spectra in fluorescence mode (TFY) for as-deposited and
co-sintered samples at 500 °C in oxygen.

To confirm the crystallinity, GI-XRD analysis was performed at an angle

of incidence of 1.5° in the range of 42° - 47° on a cell with Au/LCO/LLZO
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structure. The X-ray diffraction patterns of LLZO and LCO have comparable
peaks, making it difficult to distinguish between the two. The analysis
showed that LCO does not have a clear peak in this region, but rather a
shoulder around 45.3°. The analysis suggests that the Au top layer may be
masking the XRD pattern, resulting in reduced intensity and limited visibility
of the peaks. Specifically, it appears that the presence of the Au layer causes
the XRD pattern of LCO to be attenuated, resulting in the observed shoulder-

like feature at 45.3°.
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Figure 3.5. GI-XRD analysis of Au/LCO/LLZO stack

Elemental distribution at the interface

Figure 3.6 compares the elemental distribution at the interface between
cathode and electrolyte in co-sintered stacks. By studying the interface with
a combined FIB-SEM/EDX approach, it is possible to gain insight into the
cation intermixing at the interface. To compare the different samples, cross-

sectional SEM images are shown in conjunction with the EDX elemental
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distribution maps for Co and La. Figure 3.6a shows the interface with
no interlayer. As previously shown by Vardar et al. [131] and Park et al.
[151], direct crystallization of LCO on garnet electrolytes such as LLZO is

detrimental to a chemically stable interface.

The high-temperature co-sintering at 500 °C leads to uniform physical
contact between the electrolyte and the cathode but results in cross-diffusion
of the elements. As can be seen, the boundaries in the Co and La mappings
at the cathode-electrolyte interface were diluted by co-sintering when no
interlayer is present. This is indicative of partial diffusion of Co from the LCO
into the electrolyte and likewise of La from the electrolyte into the cathode

film [151].

In contrast, the interface maps for stacks with Li-Me-O interlayers show
a clearer, sharper boundary (Figure 3.6b-d). In particular, the signal inten-
sity of Co at the interface is found to be much more intense in the stacks
with the interlayers. This confirms that the interlayers act as an effective
diffusion barrier against Co diffusion. These observations are supported by
the intensity lines of all samples. A much steeper intensity drop in the Co
signal is observed for the stacks with an interlayer compared to the stack
without. In contrast, the intensity for the stack without an interlayer drops
only gradually, consistent with Co diffusion into the LLZO electrolyte. The
high La signals in the LCO layers (for all stacks) are attributed to the fact
that the interaction volume for EDX measurements is much larger than the
300 nm thick cathode. La is also detected through the thin LCO cathode
film. However, besides the EDX measurements, all cross-sections show a

structurally reliable interface. This is further proof of good conformal phys-
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ical bonding between the different layers after co-sintering. The question
arises about what influence the deposited Li-Me-O interlayers have on Li*

diffusion and whether this is also influenced.

CO wmm CO e
La w—

Intensity /a.u.

Intensity /a.u.

Figure 3.6. FIB-SEM image and elemental mapping of Co K series and La L
series of a stack a) without interlayer, and with b) Li-Nb-O, c¢) Li-Al-O, and
d) Li-Ti-O interlayer.

Interfacial impedance at the cathode|electrolyte interface

Electrochemical impedance spectroscopy was used to quantify the charge
transfer resistance at the cathode-electrolyte interface [110, 152]. This
study involved half-cells (Figure 3.7a), both with and without interlayers,
to assess the impact of various Li-Me-O interlayers on charge transport.
The impedance spectra were analyzed using an equivalent circuit model
(Figure 3.7b), previously applied for the LCO | LGPS solid-electrolyte interface
[153]. The terms interface; and interface, denote the cathode-electrolyte

and current collector (CC)-electrolyte interfaces, respectively.
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A detailed deconvolution of the different semicircles is explained in more
detail using the Li-Nb-O sample (Figure 3.7c). To display the deconvolution
of the impedance spectra in a more convenient way, the EIS data are shown
at various magnifications. The high-frequency region’s semicircle, observed
at room temperature, corresponds to the LLZO pellet, where grain and grain
boundary contributions to LLZO conductivity overlap. Another semicircle
in the middle-frequency region relates to the cathode-electrolyte interface
(int,), indicating charge transfer resistance. This semicircle is smaller and less
visible compared to the CC-electrolyte interface (int,) semicircle. Resistance
and capacitance variations at int, are linked to surface characteristics such as
roughness. Additionally, the low-frequency tail signifies the blocking effect
of the Au electrodes [154, 155].
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Figure 3.7. a) Schematic of the half-cell structure for room temperature
electrochemical impedance spectroscopy for symmetric cells, b) equivalent
circuit for fitting the impedance spectra, and c) deconvolution of the Nyquist
plot using Li-Nb-O as an example with different magnifications.
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The Nyquist plots for the samples, as illustrated in Figure 3.8c-f, display
the impedance spectra of half-cells, both with and without interlayers. These
plots specifically focus on the mid-frequency impedance region, highlighting

the impedance contributions attributable to the cathode-electrolyte interface.

The typical semicircle contribution of bulk LLZO electrolytes appears
at frequencies above 1 MHz, and the intrinsic impedance and capacitance
components for the LLZO pellets can be extracted from the equivalent circuit.
The resulting refined capacitance values for the total resistance of LLZO
average 90 nF cm™2 and range between 1072 and 10~ F cm ™2, thus are
consistent with the expected capacitance values of the respective charge
transport phenomena [156-159]. The ionic conductivity was extracted from

the EIS data and is within the expected range at 5 mS cm™* [56].

The semicircle for the electrolyte is followed by a second semicircle in the
mid-frequency range (from 500 kHz to 1 kHz), which is characteristic for the
cathode-electrolyte interface (interface;) [153]. Due to the large influence
of interface, and the resulting large semicircle in the low-frequency range
(from 1 kHz to 1 Hz), the semicircle for interface; is strongly shaded in the
middle-frequency range. The semicircles plotted in the figures correspond

to the calculated semicircles from the values of the fits.

The charge transfer resistance at the interface between cathode and
electrolyte is about 8 k2 cm? for the unmodified stack due to the degraded
solid cathode-electrolyte interface [160]. This value is in the same order of
magnitude as that reported by Sastre et al. [161] in their thin-film system
and Vardar et al. [131]. The slightly higher value compared to Sastre et al.

[161] can be explained by the extended co-sintering time at 700 °C leading to
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Figure 3.8. a) Schematic of half-cells structure for electrochemical impedance
spectroscopy at room temperature for symmetrical cells, b) equivalent circuit
model used to fit the impedance spectra by Zhang et al. [153], EIS spectra
of ¢) Au|LCO|LLZO|Au (w/0), d) Au|LCO|Li-Nb-O|LLZO|Au (Li-Nb-O),
e) Au|LCO|Li-Al-O|LLZO|Au (Li-Al-O), and f) Au|LCO|Li-Ti-O |LLZO|Au
(Li-Ti-O). The measured data are shown together with the fits from the
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a higher degree of interface degradation. In addition, the value is consistent
with the observation by Vardar et al. [131] that the area resistivity (ASR)
increases upon annealing.

It has been shown that the Li-Nb-O interlayer reduces the charge transfer
resistance at the cathode-electrolyte interface by an order of magnitude.
With a value of 1 kQ cm?, it is significantly lower than the stack with no
interlayer, again demonstrating the positive effect of a Li-Nb-O interface [136,
161-164]. The impedance spectra show no clear difference in electrolyte
resistance between the stacks without and with the Nb-oxide interlayer,
while the charge transfer resistances differ significantly [136]. The other
lithium-containing metal oxide layers (Li-Al-O or Li-Ti-O) have a similar
effect on the interface. The Nyquist diagrams of these interface-modified
half-cells (Figure 3.8e-f) show three semicircles as before. It can also be
seen that each modification leads to a decrease in ASR compared to samples
with no interlayer, namely, 2 k2 cm? and 2.5 kQ cm? for Li-Al-O and Li-Ti-O,

respectively.

Electrochemical characteristics of full cells

Cyclic voltammetry (CV) and galvanostatic charge/discharge experi-
ments on a full cell configuration with Li metal foil as an anode (Figure 3.9a)
have been used to investigate the charge transport dynamics at the cathode-
electrolyte interface. Figure 3.9b shows the CVs of the full cells with and
without interlayers. The scans for Li-Al-O, Li-Ti-O, and with no interlayer
are characterized by two corresponding reversible redox peaks with simi-

lar shapes, matching the main lithiation/delithiation processes in LCO at
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approximately 3.9 V vs. Li/Li* [165, 166]. However, one can notice an
increased split between the peak positions of the modified full cells compared
with the stack with no interlayer. The higher peak split is attributed to the
increase in electrode thickness as an additional interphase is added between
the electrolyte, and the cathode [167, 168]. Additionally, it is observed that
the cells with interlayer have higher peak cathodic and anodic currents. This
indicates a higher electrochemical activity of the full cells - an indication of
faster and unhindered ion transport across the interface. Furthermore, no
additional redox peaks are observed in any of the cyclic voltammograms,

indicating that no secondary phases are involved in the redox process.

Surprisingly, the CV scan of the Li-Nb-O interlayer shows a different
pattern. While the cathodic peak is still at about 3.9 V vs Li/Li*, the anodic
peak shifts to about 4 V vs Li/Li*. Both peaks have a much steeper slope in
the scan compared to other samples. Nevertheless, it can be seen that the
electrochemical activity is still present and outperforms that of the reference

cell with no interlayer in the cathodic peak.

To better understand and account for the anomalous behavior of the
Li-Nb-O interlayer, as well as to evaluate the performance of the Li-Me-O
modifications compared to the reference with no interlayer, galvanostatic
cycling was performed in the next step. Figure 3.9c summarizes the charge-
discharge characteristics of the full battery stacks. The stacks have been
cycled with a current of 1.75 pA ecm™2 (C/10) for ten cycles. The lower and
upper cutoff potentials were chosen to be 3 V and 4.2 V] respectively, as they
cause the smallest degree of damage to the positive electrode [169]. For

all cells, a voltage "plateau” at 3.9 V vs. Li/Li* in the charging step can be
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Figure 3.9. a) Schematic of full cells for electrochemical measurements,
b) cyclic voltammetry scans measured with a sampling rate of 0.1 mV s}
between 3 and 4.25 V vs. Li/Li*, ¢) charge-discharge curves with 1.75 pA
cm ™2 between 3 V and 4.2 V at 80 °C, and d) specific discharge capacities
for full cells with and without interface modification.

observed. As with CVs, the profile is characteristic of the lithiation/delithia-
tion processes in LCO. However, the discharge profiles vary greatly among
cells. While it remains at 3.9 V vs. Li/Li* for Li-Al-O and Li-Ti-O, it drops
to 3.6 V Li/Li" for cells with no interlayer and to 3.4 V vs. Li/Li" for Li-
Nb-O. This is consistent with previous findings of high impedance at the

cathode-electrolyte interface [147].

In general, all cells with lithiated metal oxide interlayers exhibit higher

specific discharge capacities (Figure 3.9d). The specific discharge capacity
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for the first cycle of the unmodified cell only exhibits 26 mAh g™}, steadily
decreasing to approximately 15 mAh g~! over ten cycles. As expected, the
presence of the interlayers improves the performance of the cells. While the
Li-Al-O interlayer has an initial specific discharge capacity of 50 mAh g™},
the capacity more than doubles to 60 mAh g~! with the Li-Ti-O interlayer
compared to the unmodified cell. In contrast, the cell with Li-Nb-O interface
modification achieves a specific discharge of 125 mAh g™ in the first cycle.
The observed overpotential due to charge transfer resistance at the cathode
interlayer is minimal given the nA range of applied current, resulting in an
overpotential loss of approximately 10 mV in cells without an interlayer.
It is suggested that the observed overpotentials are likely due to uneven

morphology or suboptimal contact with the lithium metal anode.

However, there is a distinct voltage drop at about 4 V vs. Li/Li* in the
discharge curve, consistent with the kink in the CV scan. Similar kinks were
also seen in several other samples, e.g., without interlayer. Liu et al. [170]
and Luo et al. [171] report similar voltage drops in the discharge process
between 3.9 and 3.8 V. However, the feature remains elusive and is not
further explained. Yet, it is surprising that the electrochemical activity is
only observed during the discharge cycle and not during the charge cycle.
Notwithstanding, the reported values are in line with earlier reports of the
achieved capacities for similar material structures [147, 172]. Figure 3.10
shows the coulomb efficiency of the different cells and shows that it does
not approach the desired values of >99.5 % achieved in liquid electrolytes.
Moreover, there is degradation in each cycle, and none of the coatings

significantly improves the efficiency. The gradual decrease in capacities
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is attributed to both degradations of the Li|LLZO and of the LCO|LLZO

interface.
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Figure 3.10. Coulombic efficiency of the different cells.

It is speculated that the effect just described may be due to electrochem-
ical and/or mechanical instability at the LCO|LLZO or LLZO|Li interface.
For instance, the loss of contact between LCO and LLZO caused by crack-
ing and delamination at the LCO|LLZO interface may have reduced the
capacity. Wang et al. [173] suggested that the main reason is microcracks
caused by the volumetric changes of the cathode during the electrochemical
process. The mechanical degradation at the interfaces accumulates over
several cycles and occurs despite the coatings. In addition, it is possible
that electrochemically induced cation diffusion during cycling can affect the
battery performance. It is worth noting that the capacities achieved still fall
short of those reported in liquid LIB systems and other solid-state studies
[169]. However, the very thin cathode films used in this study compared
to normal bulk cathodes (single cathode particle >3 pm) [174], imply that
small changes in the cathode-electrolyte interphase are markedly noticeable.

Nolan et al. [86] describe large stability phases for Li-Nb-O and Li-Ti-O

compositions compared to the Li-Al-O system, which are chemically and
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electrochemically stable against the garnet LLZO, and are expected to be
well suited to stabilize the interface. In the case of the Li-Al-O system, Al-
rich compositions near the Al corner have poor stability with LLZO due to
the high decomposition energy of the Al-LLZO pseudo-binary. The systems
tend to form deleterious products such as LaAlOs, LayZr,05, etc., due to the
tendency of LLZO to lose Li and the corresponding lithiation of the TM oxides.
Therefore, the unoxidized Al metal contribution, evident in the XPS studies,
can react with the garnet. Moreover, the electrochemical induced diffusion
of Al and Co during cycling was observed in other studies, contributing to
an increased interfacial impedance [175]. Yet, the reason behind the lower
discharge capacities of Li-Ti-O compared to Li-Nb-O is not well understood,
but we speculate that Li-Ti-O might be in or near the reactive zone, whereas

Li-Nb-O is in the stable region.

3.2.2 Conclusions

In summary, it is found that battery performance is improved after co-
sintering when thin interlayers of Li-Me-O are present at the LLZO|LCO
interface. It has been shown that the interlayers prevent the undesirable
diffusion of Co/La cations intermixing at the interface, confirming previous
theoretical predictions. As an outcome, all interlayers exhibit higher specific
discharge capacities - especially in the first cycles. Despite the initial improve-
ment, the achieved first discharge capacities are still below the expected
discharge capacity of 140 mAh g~! for LCO. It can be concluded that there
is still a resistive interphase between LCO and LLZO, which restricts the

movement of Li* charge carriers at the interface.
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The presence of an interlayer, however, does not prevent degradation
during cycling, as there is still a significant decrease in capacity. This effect
is ascribed to the volume expansion and contraction of the cathode active
materials. Due to the compositional change during charge/discharge, which
continuously induces stress at the interface between LLZO and LCO, micro-
gaps are formed at the interface, leading to contact loss. Electrochemically
induced cation diffusion and the resulting electrolytic oxidation can also
lead to cell degradation. These effects are particularly evident in thin cath-
ode films, where the influence of deleterious intermediate phases is more
pronounced than in bulk cathodes.

An interlayer is essential for cathode co-sintering on LLZO electrolytes and
highlights that the choice of interlayer significantly affects cell performance.
Li-Nb-O is the most suitable and can substantially impact the fabrication
of future ASSBs. To further isolate the underlying reaction mechanisms,
additional studies are needed. These may include operando or post-mortem

analysis.
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3.3 Voltage drop phenomenon upon dis-

charge: An electrochemical study

In the previous section, an unusual drop called a "kink" was observed in
CV scans and during galvanostatic charging, specifically in the Li-Nb-O system.
Similar voltage drops, e.g. "kinks", during discharge have been reported in
the literature, but none of them have gone into a detailed explanation of the

problem. Figure 3.11 gives an overview of published voltage drops found in

the literature.
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Figure 3.11. Overview of similar voltage drops reported in literature and the
tested structures by a) Wang et al. [176], b) Liu et al. [170], ¢) Kim & Rupp
[177], and d) Yamamoto et al. [178]. Voltage drops are highlighted by the
yellow spot.

Wang et al. [176] observed asymmetric cycling behavior for modified
LCO, as shown in Figure 3.11a. They did not provide a detailed description

of the sudden drop in potential. They hinted at it in their differential capacity
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analysis, suggesting that it corresponds to a phase transition between or-
dered and disordered lithium ion arrangements within the CoO, framework,
specifically denoted as "peak pairs at higher voltages (peak 2 and 2’, peak 3
and 3’) corresponding to the phase transition between ordered and disordered

lithium ion arrangements in the CoO, framework".

Liu et al. [170] studied interfacial resistances in LLZO electrolytes and
also found a sudden drop in potential. Figure 3.11b of their study shows
the charge-discharge curves of their LCO-based cells, which show a similar
asymmetric cycling behavior. They mentioned "a voltage plummeting was
observed in the discharge process between 3.9 and 3.8 V] leading to a very small

charge /discharge capacity"

Kim & Rupp [177] focus on the development of an all-ceramic cathode
composite aimed at achieving low interfacial resistance. Figure 3.11c de-
tails their investigation and fabrication of LiCoO,-based composite cathodes
designed for all-oxide Li-garnet solid-state batteries. One observed feature
in their work is the presence of asymmetric cycling behavior. During the

discharge process, there is a drop in potential.

Yamamoto et al. [178] explored anode-free thin film ASSB. Figure 3.11d
of their study shows the charge-discharge curves of their LCO-based cells,
which exhibit similar asymmetric cycling behavior. They attribute the ob-
served voltage drop and plateau to the lithiation of their Pt current collector.
However, they do not explain why it is not visible in the first discharge cycle,
nor why it is not a symmetric behavior as observed in Chapter 4 of this

Thesis.
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3.3.1 Results and discussion

In an attempt to further investigate and isolate the possible causes, addi-

tional cells were fabricated with no interlayer, and the LCO cathode thickness

was increased to 600 nm.

Electrochemical characteristics of full cells

Figure 3.12 shows the cyclic voltammetry scans of full cells in the follow-
ing architecture: Au/LCO/LLZO/Li metal. The scan rate was set to 0.1 mV
s~1. A prominent cathodic peak occurs at approximately 3.9 V vs. Li/Lit,
consistent with the primary delithiation plateau of LiCoO, [165, 166]. The
anodic peak appears at a lower potential of about 3.7 V vs. Li/Li", close to
the lithiation plateau of LiCoO,. The lithiation response is much broader
than the delithiation response. After the 3.7 V peak, there is a sharp decrease

in current towards reduced anodic currents.
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Figure 3.12. Cyclic voltammetry scans measured with a sampling rate of 0.1
mV s! between 3 and 4.25 V vs. Li/Li* without interlayer
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Figure 3.13 shows the charge and discharge profiles of a battery stack
cycled 11 times at a current density of 1.75 pA cm™2 (C/20) after cyclic
voltammetry scans. Similar to these results, Figure 3.14 presents the galvano-
static charge-discharge curves for the kinked cell at various C-rates. As seen
at C/20, a notable voltage drop is observed at both C/10 and C/5 rates. The
charging phase shows a voltage "plateau" around 3.9 V vs. Li/Li*, marking
the delithiation processes of LiCoO,. The discharge phase shows notable
voltage drops between 3.8 and 3.5 V. This behavior mirrors the results from
the first part of the Chapter. Starting with a discharge capacity of about 70
mAh g in the first cycle, there is a gradual decrease in subsequent cycles,
probably due to interphase formation and degradation. What differentiates
this cell from the first part is its improved discharge capacity. This improve-
ment may be due to the increased cathode thickness in this experiment.
With a more substantial cathode layer of 600 nm, the influence of interfacial
mixing may be reduced as its relative size to the thick film is reduced. This
is in contrast to the previous experiments with thinner 300 nm LCO films.
Of particular interest is again the asymmetric behavior observed between
charge and discharge, with voltage drops occurring only during the discharge

phase.

Differential capacity analysis is a widely used method to characterize
batteries by identifying peaks corresponding to active material phase trans-
formations during galvanostatic charge-discharge experiments. This allows
phase transitions to be clearly visualized and degradation caused by a vari-
ety of mechanisms to be identified. In the differential capacity plot shown

in Figure 3.15, a consistent redox peak is observed for both charging and
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Figure 3.13. Galvanostatic charge and discharge profiles of a battery stack
without interlayer at 1.75 pA cm? between 3 and 4.2 V at 80 °C
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Figure 3.14. Different C-rates for galvanostatic charging. a) Cycled at 3.5
pA cm~2 (C/10) and b) at 7 pA ecm™2 (C/5)

discharging at a potential of 3.85 V vs. Li/Li*. During charging, while the
position of the peak remains stable, its height shows a decreasing trend over
cycles. This decrease in peak height at a relatively constant voltage may
indicate a loss of active material, such as electrode decomposition, or factors
such as crystal structure disorder [179]. This decline is also reflected in
the gradual decrease in discharge capacity over cycles. On the discharge

side, the primary peak not only decreases in height but also shifts to lower
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voltages. Such a shift, coupled with the decrease in height, can be attributed
to mechanisms such as lithium loss or electrolyte decomposition/oxidation
[180]. During the charging phase, a shoulder is observed around the 3.3 V
range, which is not visible in the galvanostatic charge-discharge experiments.
In the first cycle, this shoulder is clearly defined, but its profile fades in
subsequent cycles, indicating a different behavior that is not seen in the
discharge phase. In addition, there is a distinct secondary peak around 3.6
V in the discharge, which probably reflects the voltage drop in the discharge
curves. This peak undergoes a more pronounced shift to lower potentials as

the cycles progress.
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Figure 3.15. Differential capacity analysis (dQ/dV vs. V) for full cells between
3and 4.2V at 80 °C

Electrochemical impedance spectroscopy of full cells

Electrochemical impedance spectroscopy was performed to further in-
vestigate the sudden voltage drop and to understand whether electrode or

electrolyte decomposition was causing this effect. The detailed test proce-

CHAPTER 3



dure can be found in the Methods section. Figure 3.16 show electrochemical
impedance spectroscopy plots of the tested battery stack during charge (a,
c) and discharge (b, d) cycles. The top panels are Nyquist plots, and the
bottom panels are Bode plots showing magnitude and phase angle. The
color gradient indicates the change in battery potential from 3 to 4.2 V vs.

Li/Li*.

During the charging cycle, the impedance remains constant over the
potential range of 3V to 4.2V vs. Li/Li*, consistent with the behavior of
stable electrode-electrolyte interfaces. A closer examination of the Bode plots
reveals that the magnitude of the impedance increases at lower potentials.
This change indicates increased resistance, possibly due to changes in the
cathode active material. At these potentials, the behavior of the battery
stack becomes more diffusive, manifesting itself at higher frequencies. This
observation may be due to reduced lithium-ion diffusion through the bulk of

the cathode or its surface film [181].

During discharge, the impedance spectra from 3.7 to 4.2 V vs. Li/Li*
closely resemble those of the charge phase, indicating a stable system. How-
ever, there is a deviation between 3.6 and 3.7 V. This increase in impedance
magnitude could be related to sudden changes in the tested cell, perhaps
due to relocations in the cathode structure or degradation at the electrode-
electrolyte interface. The phase shift to lower frequencies indicates a transi-
tion in the behavior of the cathode to become more capacitive and accumu-
lates charge at the interface. This transition could indicate adjustments in
its charge storage mechanisms or the onset of resistive barriers that impede

ion flow.
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The capacitive behavior shows slight changes at high frequencies during
the charging phase. These changes become more pronounced during the
discharge phase. There is a distinct impedance gap that appears between
3.6 and 3.8 V during discharge. Beyond 3.8 , the impedance spectra closely
resemble those observed during charging. On the other hand, below 3.6 V
vs. Li/Li*, the impedance spectra, while retaining a similar shape to those
at higher potentials, show significantly increased impedance values. At the
transition from discharge to charge, there is a sharp and abrupt decrease
in impedance values. This rapid change suggests either a reversible system
behavior or a transient impedance phenomenon during the discharge phase

that is subsequently dissipated during the charge phase.

Figure 3.17 shows the electrochemical impedance spectra for all three
repetitions at a constant potential of 3.8 V vs. Li/Li* during charging. A a
gradual increase in impedance at constant potentials is observed over several
cycle. With each repetition, a subtle increase in impedance can be observed,
which can be attributed to degradation processes in the battery.This increase
is a common sign of degradation and reflects an obstruction to the movement

of the Li-ions, resulting in higher impedance values.

To quantify the individual resistive and capacitive contributions, the
equivalent circuit previously used by Zhang et al. [153] was again used as
a model (see Section 3.2.1). Since all EIS measurements were performed
at elevated temperatures (80 °C), there was a characteristic overlap of the
contributions from the (R-CPE) components. Despite careful efforts in mod-
eling and fitting the data sets, the results, unfortunately, did not provide any

new insights.
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Figure 3.16. Electrochemical impedance spectroscopy plots of the tested
battery stack during charge (a, ¢) and discharge (b, d) cycles. Top panels
(a, b) display Nyquist plots where the real impedance (Z’) is plotted against
the imaginary impedance (-Z”). Bottom panels (c, d) represent Bode plots
showcasing the magnitude of impedance (|Z|) and phase angle against
frequency. The color gradient indicates the change in battery potential from
3to4.2V.

This lack of clarity is primarily due to the lack of a recognizable pattern
that would clearly attribute specific contributions to either the cathode, the
interface, or other factors within the system. The fitting only confirms the
finding that the impedance rises abruptly in the discharge cycle. Once the
transition from discharge to charge begins, the impedance returns to its

original values.
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Figure 3.17. Electrochemical impedance spectra for various repeats at a
constant potential at 3.8V during charge.

3.3.2 Hypotheses

In addition to a thorough literature review and extensive internal discus-
sions, a valuable conversation within the battery community on LinkedIn
(26,100 views, 116 reactions, 31 comments as of Dec. 20, 2023) was initiated

as part of this research effort [182].

From this discussion, several hypotheses and insights emerged regarding
the observed voltage drop during the discharge cycle of solid-state lithium
batteries. Zhongchun Wang suggested that the voltage drop may be due to
mass transport, specifically the movement of lithium metal atoms, rather
than charge transport. This could be related to the formation of a porous
lithium metal layer at the interface during discharge. On the other hand, Sai
Siddhardha suggested that the problem may be related to the formation of
the cathode-electrolyte interphase (CEI) and the subsequent development of

voids within this interface.
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Roy Marrache raised the possibility that the phenomenon could be re-
lated to the formation of the solid electrolyte interface and possible contact
problems between the solid electrolyte and the electrodes. It was speculated
that this effect may be more pronounced in the early cycles. Rodrigo Elizalde
Segovia contributed to the discussion by suggesting that volume changes
within the electrodes could cause inconsistent contact between the solid
layers.

The discussion raised several hypotheses, including mass transport issues,
interphase formation, volume changes, and contact issues as potential expla-
nations for the observed voltage drop in the discharge cycle of solid-state
lithium batteries. Despite the useful insights gained from external discus-
sions, it remains challenging to reach a definitive conclusion. The following
hypotheses are the most frequently considered, with an assessment of their

likelihood based on the available data.

Void formation

In the context of lithium metal solid-state batteries, voids refer to the
empty spaces that form at the interface between the lithium metal anode
and the solid-state electrolyte [183]. These voids, similar to bubbles in a
liquid, are generally created during the lithium stripping process [183]. They
are the result of lithium vacancies accumulating at the interface that are
not sufficiently refilled, causing the Li metal to separate from the solid-state
electrolyte [184, 185]. The formation and growth of these voids are critical
to battery performance and lifetime because they interfere with the efficient

transfer of ions and electrons. This process can be influenced by factors
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such as current density, capacity, and more. For example, at low current
densities, larger critical void nuclei are formed that grow slowly, while at
high current densities, numerous smaller nucleation sites are formed that
accelerate contact loss [183]. As a result, the formation of voids leads to
point contact, which increases the resistance in the system and causes a
voltage drop according to the Ohm’s law.

The observed voltage drop suggests an alternative mechanism rather
than void formation. The observed potential profile differs from the expected
pattern for void formation, which would typically show a sharp, continuous
drop in potential followed by an exponential rise rather than being limited or
quasi-stable. In addition, void formation typically leads to irreversible effects
that become more prominent over time, which is not consistent with the
findings. Our collaborators from Empa working with the same pellets and
procedure of Li pressing on Li|LLZO interfaces operate at current densities
about 50 times higher than those tested but do not report void formation
[186-188]. Finally, the drops in the experiments occurred after a charge
transfer of about 7.5 pAh cm™2, which corresponds to the stripping of about
40 nm of dense Li, which is unlikely to lead to significant void formation.
Furthermore, void formation is an irreversible process that does not correlate
with the electrochemical data. Galvanostatic cycling and EIS spectra suggest

reproducible behavior.

Participation of CEI/SEI/Interlayer in electrochemical reaction

Intermediate phases and their formation play a crucial role in electro-

chemical systems. Their primary function is to stabilize the system and
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prevent further degradation. These interphases can either be introduced
intentionally or form naturally during the initial battery cycles. One hypothe-
sis is that one of these interphases - the cathode-electrolyte interphase (CEI),
the solid electrolyte interphase (SEI), or the lithiated metal oxide interlayer -

may actively participate in electrochemical reactions.

The experimental results question this hypothesis. First, if these com-
ponents were truly electrochemically active species, one would expect to
see a redox couple in the cyclic voltammetry (CV) scans but the absence
of such a redox couple in the data is evident. The peak positions observed
in the differential capacitance versus voltage (dQ/dV) analysis are also not

consistent with the expected behavior of electrochemically active species.

Contaminated solid electrolyte surfaces are the result of a chemical
reaction with H,O and CO,. This reaction leads to the development of a
Li-ion resistive layer on the LLZO surface, consisting of compounds such
as LiOH and Li,CO3. However, Li,CO; is known to exhibit charge cycling
activity at a higher potential than at the observed potential, suggesting its
limited involvement in the system [189]. Furthermore, research has shown

that Li,COs is primarily involved in the initial cycle [189].

In order to test the hypothesis that the Li-Nb-O compounds play a role in
the electrochemical process, cells were intentionally fabricated without the
interlayer. The results were consistently replicated, demonstrating that the
presence of a lithium-containing metal oxide interlayer is not a prerequisite
for the observed voltage drop. This supports the notion that the CEIL, SEI,
or another interlayer does not affect the electrochemical reactions in the

specific battery configuration.
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Cathode degradation

Side reactions between the cathode and electrolyte in batteries, such
as electrolyte decomposition and solid electrode passivation, contribute to
degradation and fatigue. This degradation includes changes within cathode
materials and at their interfaces, caused by parasitic electronic and ionic
defect formation [190]. Specifically, the dissolution of cobalt into the elec-
trolyte results in elastic strains exceeding 0.1 % and micro-cracks in and
among LiCoO, particles [191]. These micro-cracks increase internal resis-
tance between the active material and the current collector, consequently
diminishing the overall electrochemical performance of the cell.

While interfacial degradation contributes to the performance degradation
of the system under study, it may not be the only factor at play. Evidence of
degradation can be seen in the gradual decrease in specific charge capacity
(Figure 3.13) over the life of the battery from 60 mAh g~! to 45 mAh g~ and
the decreased peak intensity observed in the differential capacity analysis.
These observations indicate a decreasing ability to efficiently store and
discharge charge. At the same time, a gradual increase in impedance at
constant potentials is observed over several cycles (see Figure 3.14). This
increase is a common sign of degradation and reflects an obstruction to the
movement of the Li-ions, resulting in higher impedance values.

The pattern revealed by the electrochemical impedance spectroscopy
data challenges the assumption that degradation is the primary factor. If
degradation were the sole factor, one would expect to see a continuous,
incremental increase in EIS values over the life of the battery. Such a pattern

would imply an ongoing deterioration of conditions within the battery, such
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as the progressive formation of resistive layers or the gradual degradation of
electrode materials.

Instead, an order of magnitude increase in impedance is observed as
the battery transitions from the charge cycle to the discharge cycle. This
impedance level experiences a significant drop, also by an order of magni-
tude, as the battery returns to the charge cycle. This fluctuation in impedance
values - a significant increase followed by a corresponding decrease - con-
tradicts the expected steady progression of degradation effects. The results
suggest that while degradation certainly contributes to system performance,

it is unlikely to be the sole or primary cause of the observed voltage drop.

Loss of contact LCO|LLZO interface

Active materials such as LiCoO, are prone to degradation over time [192].
This degradation is due not only to chemical instability, but also to volume
changes in the active material, known as "breathing", that occur during the
extraction and reinsertion of lithium ions [193]. Such unevenly distributed
volume changes create stresses that can lead to mechanical failures such as
intergranular cracking [194], separation of the active material (rendering it
electrochemically inactive), and loss of contact at the interface. This loss of
contact, similar to void formation, leads to point contact, increased resistance
and a consequent voltage drop according to Ohm’s law.

In their study, Barai et al. [126] used a mesoscale computational model to
investigate delamination at the cathode|SSE interface. During the charging
process, delithiation of the LCO results in volume expansion due to the

negative molar partial volume of lithium. This volumetric expansion induces
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compressive stresses at the cathode | SSE interface. The volumetric change
does not lead to noticeable delamination, and only small microcracks are
observed after charging. During discharge, some delamination occurs due
to the negative size of the partial molar volume of lithium in LCO. This
delamination affects the discharge capacity and increases the interfacial
charge transfer resistance, especially during the first charge-discharge cycle.

In contrast, the empirical observations, which are still limited to a few mi-
crometers, provide a different perspective. Figure 3.18 shows a post-mortem
FIB-SEM micrograph of the kinked cell. The cross-sectional micrograph of
the LCO|LLZO interface shows no significant delamination. The absence of
strong delamination challenges the hypothesis that it is the primary cause
of the voltage drop. This hypothesis also does not explain the observed
variations in impedance magnitude between charge and discharge cycles. If
contact loss due to delamination were a dominant factor, rapid and reversible
changes in impedance would be unlikely. Taken together, these results sug-
gest that while delamination may occur and affect battery performance, it is

unlikely to be the primary cause of the observed voltage drop.

Phase transformation and surface reconstruction

Zhang & White [195] studied the formation of the monoclinic phase in
LiCoO, during battery discharge, a key aspect of the intercalation process in
this material. Initially, when lithium ions intercalate into LiCoO, (Li,CoO,),
the reaction is primarily single phase for values of x ranging from 0.25 to 0.75.
However, a shift occurs at approximately x ~ 0.5, signaling the emergence of

a monoclinic phase. This phase transition is a characteristic feature of LiCoO,
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Figure 3.18.  Post-mortem cross-sectional SEM micrograph of the
cathode | solid-state electrolyte interface of a kinked cell

and is part of a stepwise phenomenon. As lithium intercalation progresses,
a two-phase region appears around x = 0.75 and persists until x = 0.975 is
reached, after which the electrode material reverts to a single phase.

The intercalation process within a LiCoO,, particle during discharge in-
volves several steps. Initially, there is diffusion within the a-phase, followed
by a phase transition stage, culminating in a transition to a single f3-phase. As
lithium ions continue to intercalate, a 3-phase shell begins to form around
the Li-depleted a-phase core, resulting in the coexistence of two phases
within the particle. The boundaries between these phases are dynamic and
move toward the center of the particle as intercalation progresses. Translat-
ing this to the thin film LCO cathode, the cathode should first lithiate at the
interface, forming a f-phase, while the top surface remains a Li-depleted
a-phase. Thus, the movement of Li* ions in the immediate interface region
is hindered, and a voltage drop could potentially occur. However, it is impor-

tant to note that this process should exhibit symmetry and not asymmetry as
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observed. An alternative explanation may lie in the concept of "slab gliding".

Li et al. [196] explore this concept in the context of LiCoO,, providing
insight into a structural transition mechanism that occurs during the charging
and discharging processes. Understanding this mechanism is important to

understand the phase transitions and electrochemical behavior of LiCoO,.

To quantify the sliding motion of CoOg layers, a parameter known as the
"gradual angle" (&) was introduced. In the O3 phase of LiCoO,, this angle
is approximately 9.847°, corresponding to a specific stacking arrangement
of Co ions (-afyafy-). During delithiation, the gradual angle decreases,
indicating a structural transformation. The O3 phase transitions directly to
the O1 phase during delithiation, although this transition is often obscured
by the formation of Li-Co antisites and other intermediate phases, especially
at high delithiation levels. The graduation angle varies during charge and

discharge cycles.

For example, when Lij ,CoO, is charged, the angle decreases to 9.572°,
indicating distorted stacking of the Co columns. This change suggests that
internal stresses are driving the sliding of the CoOg¢ layers and the associated
phase transitions. As the material is further charged, the angle continues
to decrease, reaching 7.426° for Li; 5Co0, and finally approaching zero
for Lig3C00,, indicating a transition to the O1 phase. Upon lithiation to
Lip ¢5C00,, the angle increases again, suggesting a partially reversible phase
transition. The sliding of CoOg layers, especially at high delithiation levels,
induces structural changes that are not fully reversible. This phenomenon
contributes significantly to the electrochemical degradation of the battery.

The transition from the initial layered structure to the rock salt phase is
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a major factor in the observed capacity degradation and voltage drop in
LiCoO,.

The studies discussed focus on the structural transitions in LiCoO, during
charging and discharging of batteries. They show that the sliding motion
of the CoOg¢ layers and the associated phase changes are crucial for the
electrochemical behavior of the material. In particular, the angular fluctu-
ations during these processes indicate a possible influence on the charge
accumulation at the interface, which can lead to a potential drop. However,
these observations should be interpreted with caution. Although slab sliding
can explain some characteristics of the voltage drop, it is unlikely to be the

cause.
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3.3.3 Conclusions

A comprehensive investigation of the observed voltage drop was con-
ducted. Through a combination of empirical observations and theoretical
analysis, several hypotheses were carefully evaluated. The investigation fo-
cused primarily on understanding the dynamics occurring at the anode | SSE
interface, the potential role of intermediate phases such as CEI/SEI/inter-
layer in electrochemical processes, interfacial degradation mechanisms, the
possibility of delamination occurring at the cathode | SSE interface, and the
impact of phase transformation in LiCoO,.

The void formation hypothesis was thoroughly reviewed. The experimen-
tal data suggested an alternative mechanism for void formation. Discrep-
ancies in the potential profiles and the absence of the expected irreversible
effects indicated that void formation might not be the primary factor con-
tributing to the observed potential drop.

Regarding the involvement of CEI/SEI/interlayers in electrochemical
reactions, the analysis performed suggested that these interlayers did not
affect the electrochemical behavior. This conclusion was supported by the
absence of electrochemically active species in cyclic voltammetry scans and
differential capacitance analysis.

While interfacial degradation was identified as a contributor to system
performance degradation, it was not found to be the sole determining factor.
Electrochemical impedance spectroscopy data revealed a more complex

interplay of factors beyond simple degradation effects.

Investigation of the delamination hypothesis at the cathode | SSE interface
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contradicted the notion of a delamination-induced voltage drop. The absence
of detectable delamination at the LCO|LLZO interface suggested that other
factors played a more important role in the observed voltage drop.

Finally, the study of phase transformation and "slab gliding" in LiCoO,
provided additional insight into the structural transition mechanisms occur-
ring during charge and discharge cycles. The importance of slab gliding in
these transitions stressed the importance of structural changes in battery
degradation and performance.

A definitive conclusion remains elusive. The most plausible hypotheses
seem to revolve around delamination at the cathode | SSE interface or phase
transformation.

Advanced techniques such as operando X-ray diffraction (XRD) or to-
mography could be used to further investigate the delamination and phase
transformation/slab gliding hypotheses. However, the latter approach may
not be feasible at this time, given the limitations of existing tomography

measurements in the sub-micrometer range.

CATHODE | SOLID-STATE ELECTROLYTE INTERFACE

91



c6

€ Y4LdVHO

Table 3.1. Hypotheses and arguments for/against voltage drop

Hypothesis

Arguments For

Arguments Against

Void Formation

Participation of
CEI/SEl/Interlayer

¢ The formation of voids
leads to point contact,
increased resistance and
causes a voltage drop
according to Ohm’s law.

¢ Interlayer or formed inter-
phases could actively take
part in electrochemical re-
actions.

Observed voltage profile differs from expected for void formation,
as not exponentially and limited to few tenth mV

Void formation typically leads to irreversible effects, not seen in
findings.

Experiments at higher CDs by other groups do not report void
formation.

Stripping of 40 nm dense Li unlikely to cause significant voids.
Cannot explain the sudden drop in impedance back to low values.

No redox couple seen in CV scans, contrary to expected behavior.
Differential capacitance analysis does not align with active
species behavior.

Li,CO; active at higher potential than observed, suggesting lim-
ited involvement.

Replicated results without lithiated metal oxide interlayer, im-
plying its non-essential role.

Cannot explain the sudden drop in impedance back to low values.
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Table 3.1 continued from previous page

Hypothesis

Arguments For

Arguments Against

Interfacial
Degradation

Loss of Contact LCO

¢ Side reactions between the

cathode and electrolyte
are a major contributor to

degradation.
Strain leads to the de-

velopment of micro-cracks
within and between the Li-
CoO, particles.

Charging process causes
delithiation of the LCO,
which leads to volume
expansion and results in
compressive stresses at
the cathode|solid-state

electrolyte (SSE) interface.
During the discharge pro-

cess, delamination can oc-
cur at the cathode/SSE in-
terface and can lead to an
increase in resistance

* EIS data shows impedance fluctuation between charge and dis-

charge cycles, contradicting steady progression of degradation.
* Significant impedance increase and decrease challenge the as-

sumption of degradation as the primary factor.
* Degradation contributes to performance, but not the sole cause

of voltage drop.

* Empirical post-mortem FIB-SEM investigation did not show sig-

nificant contact loss at the cathode | electrolyte interface.
* Fluctuation in EIS data does not align with theory of contact

loss.
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Table 3.1 continued from previous page

Hypothesis

Arguments For

Arguments Against

Phase Transformation
and Surface
Reconstruction

e Formation of monoclinic
phase, phase transition,
and slab gliding in Li-
CoO, show structural tran-
sitions during charge/dis-
charge which lead to inter-
nal stress and impact the
charge transfer kinetics.

* The transition to rock salt phase is a major factor in capacity

degradation, but not conclusively the cause of voltage drop.
* Slab sliding might explain some voltage drop characteristics, but

it does not explain why we have the impedance variation.




4  ANODE | SOLID-STATE ELECTROLYTE

INTERFACE

This chapter aims to compare the impact of different seed layers — gold,
platinum, and amorphous carbon — on lithium plating and stripping in an
anode-free thin-film configuration'. The seed layers are placed between the
bare copper CC - since the early day being used as conventional current
collectors on the anode side [198] — and the LiPON solid electrolyte. The
resulting configurations were tested in half-cell structures, and the evolution
of the overpotential and the relationship between lithium plating/stripping,
nucleation kinetics, and alloying properties of each seed layer were analyzed.

The second part of this chapter aims to visualize lithium plating in anode-
free batteries using optical microscopy techniques. The main goal is to
develop cell configurations that allow direct visual observation of lithium

deposition behavior. Such visual insights are critical for understanding

1There is an ongoing discussion in the academic community regarding the appropriate
terminology for batteries designed without a traditional anode and initially fabricated in a
discharged state. Terms such as ’anode-free,’ ’anode-less,” ’Li-free,” and ’zero-excess lithium’
have been used interchangeably. However, this Thesis will consistently use the term ’anode-free’
for clarity and consistency, acknowledging the debate surrounding this nomenclature [197].
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nucleation kinetics and alloy properties influenced by different nucleation
layers.

Parts of the content of this chapter were published in Miiller et al. [199 ]:
Miiller, A.; Paravicini, L.; Morgzy, J.; Krause, M.; Casella, J.; Osenciat, N.;
Futscher; M. H.; Romanyuk, Y. E. Influence of Au, Pt, and C Seed Layers on
Lithium Nucleation Dynamics for Anode-Free Solid-State Batteries. ACS Appl.
Mater. Interfaces 16, 695-703 (2024).

Specific personal contributions to this Thesis chapter include conceptualization,
methodology, formal analysis, investigation, data curation, writing - original
draft, and visualization. Contributions were made in performing electrochemi-

cal tests, conceptualization, and revision.
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4.1 Introduction

The introduction of a solid-state electrolyte also paves the way for replac-
ing traditional graphite anodes with metallic lithium, resulting in 40 to 50
% higher energy density [13, 20, 200-202]. However, it presents challenges
such as high reactivity, unstable interfaces, and lithium dendrite growth
due to uneven plating and stripping [203]. These complications can lead to
current focusing, dendrite formation during battery cycling, and potentially
dangerous short circuits. Furthermore, lithium metal is highly reactive, and
integration into a battery is only possible under an inert atmosphere, sug-
gesting that the use of metallic lithium films in solid-state batteries may not
be practical [204].

One potential strategy to overcome manufacturing issues and further
increase energy density is to move away from lithium foils to anode-free solid-
state batteries (AFSSBs) or a "zero lithium excess" manufacturing process
[38]. Here, the battery is manufactured in the discharged state with a lithium-
containing cathode and a bare anode-side current collector (CC) [205-
208]. This concept not only increases the energy density by reducing the
battery volume and weight but also reduces the handling and manufacturing
complexity. The lithium metal anode is then formed electrochemically during
the first charge cycle by electroplating the lithium present in the cathode.
Therefore, mechanisms that control the nucleation and growth of lithium
metal are crucial to the success of AFSSBs [209].

Figure 4.1a presents the fundamentals of lithium nucleation and growth

based on classical nucleation theory. This theory states that solid phase
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nucleation involves a free energy barrier due to the formation of a critical
cluster of atoms. In electrodeposition, this nucleation barrier can be adjusted
by changing the electrochemical supersaturation at the working electrode
by modulating the overpotential. This can be achieved either by changing

the current or by using seed layers to reduce the surface energy.

The driving forces in lithium plating are categorized into reaction, charge
transfer, diffusion, and crystallization overpotentials. However, only two
characteristic overpotentials are typically observed: (1) the nucleation over-
potential (n,), which is characterized by a voltage spike at the onset of Li
plating, and (2) the overpotential plateau (n,), which is observed after nu-
cleation as Li growth continues, as shown in Figure 4.1b. Due to the nature
of galvanostatic Li deposition, which occurs under variable conditions, 1,
and 7, are selected for analysis because of their ease of extraction from
experimental data and their importance in describing nucleation and growth.

[210]

At the onset of galvanostatic Li plating, the working electrode potential
drops to -n,,, which is sufficient to initiate Li nucleation. After initial nucle-
ation, the overpotential increases to -n,, which is still negative relative to
Li/Li*. This allows Li nuclei to continue to grow, since the energy barrier for
adding a Li adatom to existing nuclei is lower than that for forming a stable

cluster of Li atoms. [210]

Figure 4.1c illustrates the impact of solubility and alloying on the overpo-
tential required for Li nucleation on different materials. Materials like Au or
Ag require no overpotential, while those with low solubility, such as Al and

Pt, show slight overpotential. Materials with negligible solubility like Cu,
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Figure 4.1. Fundamentals of lithium nucleation and early growth. a) Free
energy scheme showing the effects of increasing overpotential on the nu-
cleation energy barrier. b) Schematic representation of a typical voltage
profile of galvanostatic Li plating with nucleation and growth region. c)
Voltage profiles of various materials with some solubility and with negligible
solubility in Li during Li deposition. The horizontal gray lines show 0 V vs.
Li/Li*. Adapted from Pei et al. [210] and Yan et al. [211].

Ni, C, and Si exhibit considerable overpotential. The distinct overpotential
values for insoluble materials are due to their thermodynamic interactions

with Li metal. [211]

While the concept of anode-free batteries had been previously demon-
strated in traditional liquid systems [208, 210-213], its implementation in
solid-state systems lagged behind. Early research on AFSSBs began with a

study by Neudecker et al. [77] in 2000. This work involved the fabrication

ANODE | SOLID-STATE ELECTROLYTE INTERFACE

99



100

of an anode-free thin film battery with a copper current collector, a lithium
phosphorus oxynitride (LiPON) electrolyte, and a lithium cobalt oxide cath-
ode using magnetron sputtering. The battery retained 80 % of its original

capacity after 1000 cycles.

Later, research shifted the focus to an anode-free battery with a seed layer.
A seed layer is a comparable thin layer deposited between the anodic current
collector and the solid electrolyte. It provides nucleation sites for lithium
metal growth and can improve battery performance and stability [38]. This
direction was notably advanced by Lee et al. [100] at Samsung in 2020.
Their research demonstrated an AFSSB with a silver-carbon nanocomposite
layer and a sulfide electrolyte, achieving more than 1000 cycles and an
energy density of more than 900 Wh 1I"!. The study of Feng et al. [214]
demonstrated the effectiveness of carbon seed layers in improving the air
stability of LLZO when deposited on a garnet-based electrolyte, thereby
reducing the area-specific resistance of the Li/LLZO interface. Building
on this, Futscher et al. [215] explored the use of amorphous carbon seed
layers. These layers facilitated uniform lithium plating, effectively prevented
2

dendrite formation, and increased the critical current density to 8 mA cm™

(Figure 4.2).

Besides carbon interlayers and mixtures of carbon composites, noble
metals such as platinum and gold seed layers have also been explored.
Studies on platinum [216, 217] revealed the effects of lithium plating and
stripping reactions with platinum current collectors on LiPON, increasing
the lithium nucleation number density compared to copper CC. Microscopic

observations provided insights into the interactions between platinum and
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Figure 4.2. Cross-sectional SEM micrographs of a carbon interlayer at the
current collector-solid electrolyte interface. a) After fabrication, b) after
plating an equivalent Li thickness of 1 pm, and c) after subsequent stripping
the plated Li. The thickness of the amorphous carbon layer is 100 nm
deposited at 250 °C. Plating and stripping of Li was performed at a current
density of 0.2 mA em™2 [215].

lithium. Recent studies of gold seed layers [98, 218-222] have shown
their role in improving the efficiency and lifetime of AFSSBs. The work of
Krauskopf et al. [221] has investigated the effects of morphological instability
of lithium metal anodes in the presence of gold seed layers. They have shown
that the use of a lithium-alloying gold layer delays the penetration of lithium
metal into the garnet electrolyte, and penetration occurs only after the alloy
phases are fully formed. This line of research was further explored by Kim
et al. [222], who demonstrated effective regulation of lithium distribution
on LLZO by modifying the surface with an interlayer. It was proposed that
the seed interlayer serves two main functions during battery operation: it
acts as a dynamic buffer for the redistribution of lithium and as a matrix

layer for facile lithium precipitation.
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4.2 Influence of seed layers for anode-free

solid-state batteries

4.2.1 Results and discussion

Thin-film stacks were fabricated to study different seed layer materials
in the following architecture: Cu/seed layer/LiPON/Li/Cu, as shown in
Figure 4.3a, and compared to the reference architecture: Cu/LiPON/Li/Cu.
The evaporation of individual areas (1 mm diameter dots) of the lithium
reservoir as separate cells was enabled through the use of shadow masks
(Figure 4.3b). Alternative stacking such as Cu/Li/LiPON/In:Li were investi-
gated but found to be ineffective. The lack of success in these reverse stacks
was attributed to their rough surface textures, which prevented LiPON from
forming a uniform, defect-free coating. Without a defect-free coverage the
cells short. The LiPON solid electrolyte was chosen due to its successful track
record in facilitating reversible cycling of lithium in AFSSBs, especially when
combined with copper as a current collector [77]. The amorphous nature of
LiPON isolates the surface morphology and chemistry from other potential
obstacles, such as the presence of grain boundaries — a notable advantage
over crystalline electrolytes such as LLZO [223]. In addition, LiPON’s ability
to form a thin yet stable passivation layer with the lithium metal helps reduce

lithium loss during subsequent cycling [119, 224].

Gold, platinum, and amorphous carbon were chosen as seed layer ma-

terials. A 10 nm thick layer of gold was deposited by thermal evaporation.
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Figure 4.3. (a) Schematic illustration of the device configuration: Cu/Seed
layer/LiPON/Li/Cu. (b) Photograph showing separate lithium reservoirs (1
mm diameter) for distinct cells. (¢c) AFM micrographs of bare copper CC,
gold, platinum, and amorphous carbon seed layers. The scale bar is the same
for all micrographs.
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Platinum and carbon layers were deposited by RF magnetron sputtering to
achieve thicknesses of 10 nm for platinum and 50 nm for carbon. Initial tests
showed that the 10 nm gold layer in the thin film battery showed superior
cycling performance compared to thicker layers (100 nm gold layer. The
comparatively poor performance of thicker films compared to thinner films
is due to the longer lithium diffusion length. This results in greater internal
stress during lithium insertion/extraction [32]. Amorphous carbon, on the
other hand, was previously shown to perform best at a thickness of 50 nm

[215].

The AFM images shown in Figure 4.3c reveal comparable surface mor-
phologies for all seed layers. All materials exhibit a smooth texture with an
RMS roughness of 2.2 nm + 0.1 nm. There are no significant morpholog-
ical differences between the different seed layers. All deposited films are
considered to be polycrystalline. For a complete overview, see Table A.4.
Therefore, it is unlikely that the morphological characteristics of the seed
layers, have an influence on the lithium plating and stripping processes. As
a result, observed disparities can be attributed to differences in electrochem-
ical processes and physicochemical properties such as interfacial energies,

alloying energies, etc.

Experiments involving plating and stripping of a dense lithium metal
layer were conducted. In the study, the terms ,plating and stripping" in the
context of thin film anode-free half cells refer to the process of galvanostatic
charging and discharging. This involves the application of a constant current,
which is essential to manage plating and stripping of lithium. Constant

current conditions were set for a certain duration to obtain a lithium layer of
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250 nm or 1 nm, depending on the experiment. Furthermore, the potential
limits were set to 1.5 V vs. Li/Li* to prevent excessive degradation of the

LiPON solid-electrolyte layer.

Figure 4.4a presents the representative voltage profiles for a bare cop-
per CC and different seed materials (Figure 4.4b-d). Lithium metal of 0.2
mAh cm ™2 was plated, corresponding to a thickness of 1 ym of dense lithium,

~2. Upon application of current to the

using a current density of 0.2 mA cm
bare copper CC, the voltage exhibited a sharp decrease below 0 V vs. Li/Li™,
reaching a nucleation potential at -225 mV. This pattern, characterized by a
rapid voltage drop followed by a flat voltage plateau at -20 mV, aligns with

predictions from the nucleation and growth theory [210].

Unlike copper, gold and platinum have unique interaction mechanisms
with lithium. The gold layer interacts with lithium to form Li,-Au alloy
phases and has a specific solubility range in lithium metal [211]. Thus,
lithium alloys with gold, forming a saturated phase prior to the formation of
pure lithium metal. Similarly, the platinum layer, with its distinct solubility
properties, provides a range of potential nucleation sites [225]. The lithium
metal plating process on gold and platinum nucleation layers is characterized
by two separate potential plateaus, followed by a potential drop that signals
the start of lithium plating. The plating potential for these processes reaches
its minimum at approximately -30 mV. This reduced nucleation potential is
attributed to the identical crystal structures of pure lithium metal ($Li) and
the solid solution surface layer, which effectively reduce nucleation barriers

[211].

Lithium plating in the presence of amorphous carbon seed layers shows
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Figure 4.4. Effect of seed layers on lithium metal plating and stripping during
the first cycle at a current density of 0.2 mA cm™2 and an offset capacity
of 0.2 mAh cm™2. Distinct voltage profiles were observed during lithium
plating and stripping for a bare copper current collector (a) and different
seed layer materials of gold, platinum, and amorphous carbon (b)-(d). Au
and Pt show alloying behavior, and C shows lithium intercalation behavior.
Areas highlighted in yellow indicate lithium loss in the first cycle. The inset
shows zoomed data highlighting different lithiation behaviors.
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a markedly different voltage profile — it shows a slower decrease in potential.

Amorphous carbon films sputtered at room temperature show a low sp2/sp3
ratio compared to depositions by high temperature sputtering derived from
the G and D band. The high ratio of the G band corresponds to the stretching
vibration of adjacent sp2-bound carbon atoms in both rings and chains and
can be accounted for the electrochemical behaviour. The observed voltage
decline corresponds to the initial lithiation of the carbon seed layer, indicating
an intercalation behavior similar to graphite due to the sp2 hybridisation. In
fact, amorphous carbon seed layers can host up to 200 mAh g~! between 5
mV and 1 Vvs. Li/Lit [226]. The drop is followed by a potential minimum
at -55 mV before cells with carbon seed layer also reach a constant voltage
plateau. Despite these differences, a consistent observation at low current
densities across the materials is the emergence of a flat voltage plateau at

about -20 mV.

Irreversible capacity loss in the first cycle also varies between seed mate-

rials and is highlighted by the yellow areas (Figure 4.4). While almost no
loss (~ 1 pAh em™2) is observed for the bare copper CC reference, alloying
materials such as gold and platinum show the greatest losses. Gold has the
highest lithium loss with a peak value of 13 pAh cm™2, corresponding to
65 nm of dense lithium metal, while platinum has a loss of about 6 nAh

cm™2. The greater lithium loss observed in gold during the first cycle could

be attributed to the different reactivity of gold and platinum with lithium.

Carbon shows the lowest irreversible lithium loss of the seed layers of about
4.5 pAh cm™2 in the first cycle. The coulombic efficiency reaches values

close to 100 % in the subsequent cycles, which indicates passivation of the
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Figure 4.5. Long-term cycling. a) Plating overpotential and respective b)
coulombic efficiency of tested cells over 1000 cycles at a current density of 2
mA cm™2 and a capacity of 0.1 mAh cm™2.

Li loss source. This is further confirmed by long term cycling over 1000 cyc
les where the coulombic efficiency is close to 100 % over 1000 cycles (see
Figure 4.5).

Figure 4.6 illustrates the dynamics of Li metal plating and stripping for a
100 nm gold seed layer during its first cycle. Similar to a thin gold layer, the
lithiation plateaus are visible during (de)lithiation. The plating potential for
this process also reaches a minimum at about -30 mV and a stable voltage
plateau at about -20 mV. However, a pronounced 50 % loss of the initial Li
deposition is evident, indicating inferior performance to thinner seed layers.
We speculate that this nonlinear lithium loss is likely due to the formation
of larger Li-Au clusters, with a greater area/volume ratio contributing to
increased lithium loss.

To better understand the plated lithium morphology, the influence of
various seed layers, and irreversible lithium loss, FIB-SEM analysis was
conducted under cryogenic conditions. Figure 4.7 shows cross-sectional

micrographs of the reference cell with bare copper CC and cells with gold,
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Figure 4.6. Effect on Li metal plating and stripping during first cycle at a
current density of 0.2 mA cm™2 and a capacity of 0.2 mAh cm™2 for 100 nm
Au seed layer.

platinum, and amorphous carbon seed layers. Each cell has 0.2 mAh cm™2
of lithium metal electrochemically plated during the first cycle, which equals
1 pm of dense lithium metal.

In the copper reference cell (see Figure 4.7a), two large cracks are
observed in the CC. These cracks can be attributed to the non-uniform
deposition of lithium, which exerts mechanical forces on the copper CC,
ultimately leading to its failure. This failure mechanism is a common problem
in thin-film batteries, as investigated in the study of Motoyama et al. [227].
The formation of cracks in the copper CC creates energetically favorable sites
for lithium nucleation. This phenomenon may also explain the observed
penetration and deposition of lithium beneath the copper CC, leading to the
development of gaps between the substrate and the CC. Similar cracks were
detected on several other cells with bare copper CC, both from the same

substrate and from different batches. Additional cross-sectional SEM images
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a) bare Cu b) Au

Figure 4.7. Cross-sectional SEM micrographs of the current collector-solid
electrolyte interface with 0.2 mAh cm™2 (1 pm) plated lithium for (a) bare
copper current collector and with (b)-(d) gold, platinum, and amorphous
carbon seed layers after the first cycle. The scale bar is the same for all
micrographs. All micrographs were taken in backscattered electron mode.

of these cracks and various cells are provided in the Appendix A.3.

Figure 4.7b-d shows cross-sectional micrographs for cells with seed layer.
The introduction of seeding layers appears to facilitate more uniform lithium
deposition, which in turn reduces the mechanical stress on the CC as no
cracks are observed. The gold seed layer cell contains brighter particles
with sizes on the order of 1 ym within the plated lithium layer, which are
likely Li-Au alloy clusters. Interestingly, the 10 nm thin gold seed layer
agglomerates and forms such clusters instead of remaining in the form of
a uniformly thin alloy layer. Inaoka et al. [228] reported similar behavior
at the Li/LisPS, interface, where the gold agglomerates into clusters. The

platinum seed layer, which also forms an alloy with lithium, shows a more
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uniform distribution of similar but smaller clusters in the lithium metal layer.
In contrast, the amorphous carbon seed layer maintains its integrity. The
lithium passes through the carbon layer similarly as in the previous work
[215] and facilitates the formation of a dense and uniform lithium metal

layer between the current collector and carbon interlayer.

High irreversible lithium losses in the first cycle for alloying materials,
particularly gold and platinum, were observed, which may be related to the
cluster structures. Initially, gold and platinum seed layers spread uniformly
over the bare copper CC (Figure 4.3). However, during plating, these seed
layers agglomerate and form alloy clusters within the lithium layer. It is
speculated that only surface lithium is removed, with the remainder being
"trapped" inside, possibly explaining the reduced lithium loss in platinum
due to its smaller area/volume ratio. In addition, carbon cells show higher
irreversible capacity loss than for the reference copper CC, possibly related
to the formation of a Li-containing interphase (lighter contrast) seen in

FIB-SEM micrographs at the lithium-carbon interface (see Figure 4.8) [229].

To investigate the effect of varying current densities for lithium plating
and stripping, cells were cycled at current densities ranging from 0.2 to
8 mA cm 2 in increments of 0.2 mA cm™2, as shown in Figure 4.9. Each
current density increment was repeated five times and maintained for a time

2

corresponding to an offset capacity of 0.05 mAh cm™*, equivalent to plating

250 nm of dense lithium metal.

Figure 4.9a shows the behavior of the reference sample with a bare CC. As

the current density increases, there is a corresponding increase in potential.

It is noteworthy that the half-cells do not exhibit a critical current density
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Figure 4.8. Cross-sectional FIB-SEM micrographs depicting the interface
between the plated lithium and the carbon layer in magnified view.

even at the upper limit of 8 mA cm™2. The critical current density is the
maximum current that a cell can sustain before it shorts out. This behavior
indicates inherent stability even at high current densities [230-232] and
demonstrates the robustness of the thin-film system. The voltage profiles at 1
and 7 mA cm™2 are shown in the second and third columns of Figure 4.9. In

the copper reference cell at 7 mA cm™2

, a stable plating plateau is observed
at -750 mV. This plateau is consistent with the growth region identified
in previous research by Pei et al. [210], and this stability is maintained at
high current densities. In particular, the 250 nm lithium plating remains
consistent, avoiding the exponential potential drops typically associated with

void formation.

Figure 4.9b-d show the voltage profiles for cells with gold, platinum, and
amorphous carbon seed layers. These cells, like the bare copper CC cells,

do not reach a short circuit at the applied current density of 8 mA cm™2
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Figure 4.9. Effects of current density on lithium plating and stripping in thin-
film cells for (a) bare copper CC, (b) gold, (c) platinum, and (d) amorphous
carbon seed layer cells. Full data set in the first column cycled at current
densities from 0.2 to 8 mA cm™2. The regions differentiated by varying
current densities are highlighted with gray shading. Each step represents an
increment of 0.2 mA cm™2. The second and third columns show the potential
behavior at 1 mA cm™2 (blue) and 7 mA cm™2 (purple), respectively. Each
density was repeated five times at an offset capacity of 0.05 mAh cm 2,
corresponding to 250 nm densely plated lithium.
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during the plating of 250 nm dense lithium. For all seed materials tested,
the lithiation plateaus are consistently observed during both the plating and
stripping processes, even at higher current densities such as 1 and 7 mA
cm™2. A comparison of the bare copper CC with other seed layers reveals
differences in their plating and stripping dynamics. The introduction of a thin
gold seed layer improves stability, with its plateau stabilizing at -680 mV. This
represents a reduction in overpotential of up to 10 % at the highest current
density tested of 8 mA cm™2. In contrast, the platinum and carbon seed

layers establish their voltage plateaus at -520 mV and -490 mV, respectively.

In Figure 4.10, a current density evaluation of the 100 nm gold seed
layer is shown. Persistent Li losses at every repeat are observed, peaking in
an early short-circuit at approximately 4 mA cm™2 - a threshold significantly
lower than that observed for 10 nm layers. We speculate that the early short
circuit for cells with a 100 nm gold layer is correlated with the formation of
bigger micro-sized clusters. Thicker layers start to agglomerate even more,
leading to mechanical stress in the thin film stack. As a result, the LiPON
electrolyte can crack or extensive current focusing can cause the formation

of dendrite-like growth.

This study aimed to evaluate the overpotential development in the growth
region across various materials. The overpotential for the tested seed layer

materials and the reference was determined as follows:

First, electrochemical tests were performed on the discussed materials.
The overpotential for each material was determined by averaging the growth
region potential referenced in [210] and adjusting for ohmic losses. The

plating potential was derived by averaging the growth region potentials of all
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Figure 4.10. Effects of current density on Li plating and stripping in thin-film
cells with 100 nm Au seed layer.

repeats and subtracting ohmic losses, calculated from the product of current

density and system impedance.

The ohmic losses, primarily due to the electrical resistance of the solid
electrolyte, were corrected with an impedance-based factor. This adjustment
was applied to the potential calculation for each material. All cell electrolytes

were sputtered simultaneously to ensure consistency.

The adjusted plating potential is expressed mathematically as

Vplating = |Vplateau| _ZrealAj (41)

In this equation, |Vjqcequl [V] is the average potential in the growth
region, Z,.q [©2] is the impedance of the system, A [cm?] is the surface area,

and j [A cm™2] is the current density.

The nucleation region precedes the growth region and is characterized
by the initial formation of lithium metal nuclei on the electrode. In this

region, clusters of lithium atoms coalesce into larger particles. Factors such
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Figure 4.11. Plot of potential versus elapsed time. The entire data set is
represented by black dots, while the specific subset representing the growth
region of the data is highlighted by colored dots.

as voltage, current density and electrode structure affect these processes.
The goal in this region is to achieve uniform, compact lithium deposition
to prevent dendritic growth, which poses a risk of shorting the battery. The
growth region is dynamic and changes during charging and discharging due

to the continuous deposition and stripping of lithium metal.

Figure 4.12 provides the comparison of the evolution of the plating
overpotential as a function of current density for all the seeds. The standard
deviation between individual cells per seed layer does not exceed 10 %. To
account for polarization effects due to electrolyte resistance, the potentials
shown here have been adjusted accordingly.

A consistent linear trend of the increase in plating overpotential with
increasing current density is observed for all seeds. The bare copper CC cell
shows the steepest increase, reaching a peak overpotential of 325 mV at a

current density of 8 mA cm™2. The gold seed layer cell has a slightly lower
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Figure 4.12. Plating overpotential response to current density for seed
layers. The potentials presented here have been adjusted to account for
polarization effects due to electrolyte resistance. The error bars show the
standard deviation of the data from three individual cells.

rise in overpotential, reaching a maximum of 250 mV, while platinum and
carbon have the lowest overpotentials of less than 100 mV at the highest

current density measured.

The performance of carbon as a seed layer is characterized by a minimal
increase in plating overpotential at higher current densities, reflecting stable
electrochemical plating and hence less overpotential evolution. This stability
is due to the intact amorphous carbon seed layer between the current collector
and the solid electrolyte — as seen in Figure 4.7 — which ensures homogeneous
plating, optimal current distribution, and minimized overpotential. It ensures
uniform Li-ion diffusion, enhances surface reaction rates, inhibits lithium
filament growth, and improves the reversibility of lithium plating. The results
show that carbon and lithium-platinum alloys provide better performance in

lithium plating/stripping and overall battery efficiency through overpotential
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reduction compared to lithium-gold alloys. In addition, the promising results
of two-component interlayers, namely silver/carbon [100] and gold/carbon

[211], confirm these findings.

4.2.2 Conclusions

Anode-free half cells with seed layers composed of gold, platinum, or
amorphous carbon being placed between the LiPON solid-state electrolyte
and the bare copper CC were investigated. The formation of a dense lithium
metal layer between the copper CC and LiPON, which could be repeatedly
plated and stripped, was demonstrated. All cells withstood current densities

up to 8 mA cm ™2

without short-circuiting, demonstrating the reliability of the
thin-film configuration. Gold and platinum seed layers alloyed with lithium
early in the plating process facilitating uniform lithium metal plating on
the current collector. As these layers agglomerate, they form alloy clusters
distributed within the deposited lithium layer, preventing mechanical failure
of the current collector. The amorphous carbon seed layer maintains its
integrity and is characterized by a uniform, dense lithium metal layer between
the current collector and the seed layer. Platinum and amorphous carbon
cells exhibit the lowest overpotential evolution. Amorphous carbon has been

found to be a viable and cost-effective alternative to noble metals as a seed

layer material.
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4.3 Optical microscopy visualization of lit-
hium plating

A common problem in anode-free batteries, whether using liquid or solid
electrolytes, is heterogeneous nucleation at the solid-electrolyte | current
collector interface. This often results in the formation of isolated Li islands.
Although initially small, these islands tend to grow in size and can adversely
affect battery performance. These islands can reduce reversibility and po-
tentially damage the current collectors and cell encapsulation. Achieving
uniform coating and deposition of the Li metal electrode is critical and can

be achieved by introducing seed layers.

Building on the previous section’s investigation of seed layers in a 2D thin
film model with ideally smooth interfaces, where amorphous carbon emerged
as a promising seed layer, this study extends the investigation to rougher
substrates such as LLZO pellets. A 3D microscopy setup was developed to
visualize early Li nucleation between the solid electrolyte and the current

collector during operation.

To address these challenges, recent studies have focused on understand-
ing the evolution of Li island shapes in anode-free SSBs. Motoyama et al.
[227] used a spherical pressure vessel model to relate the evolution of over-
potential to the mechanical stresses in lithium as the islands impact thin-film
metal current collectors on LiPON electrolytes. Wang et al. [185] studied
a complete cell with an in-situ formed anode and modeled the adhesion

work at the interfaces between Li, the electrolyte, and the current collector,
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relating the overpotential to the minimum size of Li deposits and islands.
Synchrotron tomography techniques, increasingly used to study the mor-
phological evolution of buried interfaces in SSBs, are complex and not fea-
sible for routine application. The development of an operando platform by
Kazyak et al. [233] using focus variation microscopy for 3D measurements of
electrode morphology during formation presents a more practical approach.
This platform allows a direct correlation between electrode morphology,
electrochemical signatures, and mechanical stresses. However, there is no
study visualizing the effect of seed layer operando on lithium nucleation.
In this study, the operando platform of Kazyak et al. [233] was adapted
to investigate the effect of a seed layer on the in-situ formation of a lithium
metal anode in LLZO electrolytes. Initial observations confirm the ability
to monitor nucleation processes. It was found that a seed layer influences

lithium plating and leads to a smoother plating behavior of the tested stacks.

4.3.1 Results and discussion

A similar setup was developed based on the shown operando platform
for 3D visualization proposed by Kazyak et al. [233]. Figure 4.13 shows
the schematic structure of such a platform, which was 3D printed in PLA as
a prototype for testing purposes. The design was hermetically sealing the
stack with O-rings. One promising configuration is the use of an LLZO pellet
with a copper current collector on one side and a compressed lithium foil
on the other. This arrangement has successfully facilitated the observation
of the early stages of lithium deposition. As the current collector, a 5 pm

thick copper current collector was sputtered on the LLZO substrate. Lithium
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was pressed at 1000 kN onto the back side of the substrate. The bottom
of the tested stack, a lithium reservoir with no other current collector, was

contacted via a button cell spring. The applied pressure to the stacks was

minimal yet adequate to maintain consistent contact during measurements.

The top copper current collector of the in-situ formed anode was contacted
using an ITO-coated glass substrate. By applying a current between the two
contacts, the anode was formed in-situ using the lithium reservoir. Based on

the previous results on the optimal performance of carbon as a seed layer, a

100 nm thin layer is deposited between the LLZO pellet and the copper CC.

TCO
on glass

Figure 4.13. Schematic of optical visualization platform. a) Overview of the
optical visualization platform and schematic of the cell setup, including the
connection of the potentiostat, represented by "V". The top current collector
is contacted with a TCO-coated glass. b) Photo of 3D printed prototype.

The voltage profiles of Li metal deposition on bare copper CC and battery
stacks with a carbon seed layer are shown in 4.14. A dense lithium layer
was deposited without subsequent stripping. Plating experiments were
performed at room temperature without external pressure. A conservative
current density of 0.2 mA cm™2 was used to avoid the early shorts commonly

observed in LLZO-based systems.
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It is evident that there is no distinct voltage dip observed at the onset of
lithium metal deposition. However, there is a noticeable discrepancy in the
voltage behavior between the bare copper battery stacks and those with a
carbon seed layer. Specifically, the voltage drop for lithium plating in the
presence of amorphous carbon seed layers mirrors the intercalation behavior

identified in the previous chapter.

The voltage profile typically undergoes an initial rapid decline followed
by a sustained voltage plateau, indicative of lithium layer growth. It is
noteworthy that for the bare copper sample, the potential begins to show
instability at approximately 0.8 mAh cm™2, triggering a rapid decline. It
eventually reaches the minimum potential (-8 V) achievable with the test

equipment before reaching a plating capacity of 1 mAh cm™2.

In comparison, the introduction of a carbon seed layer seems to improve
the stability by maintaining a constant potential for a longer period of time.
Only when the charge density reaches 0.9 mAh cm™2, corresponding to a
lithium layer thickness of 4.5 um, a rapid potential drop is observed. Both
drops can be attributed to the formation of voids in the lithium reservoir
layer, resulting in a loss of electrical contact. Interestingly, the formation of
voids occurs at an earlier stage in the pure copper reference sample, which
can be attributed to inhomogeneous plating behavior. This irregularity in
plating leads to an uneven distribution of current or ion flux, causing Li ions
to be preferentially stripped from the counter electrode at specific points,

ultimately resulting in void formation.

Figure 4.15 shows the EIS spectra obtained in the pristine state and after

each 0.2 mAh cm™2 plating step for both bare copper CC and those coated
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Figure 4.14. Lithium metal plating at a current density of 0.2 mA cm™2 and
a total offset capacity of 1 mAh cm™2 at rough LLZO interface. Different
voltage profiles were observed during lithium plating for a bare copper
current collector and amorphous carbon. The inset shows zoomed data
highlighting the different lithiation behaviors.

with a carbon layer.

In the pristine state, both stacks exhibit similar EIS spectra. A semicircular
feature in the high-frequency region is attributed to the presence of the
LLZO pellet. The ionic conductivity determined from the fitted data is
approximately 107> S cm ™. In the modified stack, an additional contribution
appears in the mid-frequency range (1 kHz - 50 kHz). The low-frequency
polarization is due to the ion-blocking behavior of the copper electrode
[234].

2

Examination of the EIS measurement after the initial 0.2 mAh cm™

plating step shows a clear shift in behavior. The low-frequency polarization
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decreases, resulting in a new contribution in the mid-frequency range, a
non-blocking behavior with a small low-frequency tail. This development is
attributed to the presence of the plated lithium layer. The origin of the small
low-frequency tail remains elusive. It is regularly observed at (alkali) metal-
SSE interfaces and is probably due to diffusion processes of the metal at the
interface [157, 233, 234]. As the plating process continues in increments of
0.2 mAh em™2, the impedance steadily increases, eventually exceeding an

order of magnitude.

Comparing the performance of the bare copper CC stack with its carbon-
modified counterpart, it is clear that the presence of the carbon seed layer
has a moderating effect on the impedance rise. This is consistent with the
previous cycling observations indicating that void formation begins prema-
turely in pure copper, driven by uneven flux distribution. Void formation
ultimately leads to contact loss, as evidenced by increased impedance and

potential drop.

To support electrochemical characterization techniques, the tested stacks
were imaged from the top with an optical microscope after deposition of
approximately 1 mAh cm~2, which corresponds to a theoretical 5 ym thick
homogeneous deposition over the entire current collector. Figure 4.16 shows
top-view images taken with an optical microscope. In the case of the bare
copper current collector (CC) stack, it is evident that the lithium plating
results in the formation of two distinct hotspots. The occurrence of these
hotspots can be attributed to irregular morphology, with lithium nucleation
initiating at these localized sites due to the defect regions exhibiting faster

Li deposition kinetics and higher nucleation tendency [235]. In contrast,
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Figure 4.15. Electrochemical impedance spectroscopy spectra of the tested
battery stacks during lithium plating. Spectra were acquired in the pristine
state and after 0.2 mAh cm™2 plating steps between 1 MHz and 0.1 Hz.

when these observations are compared to the carbon-coated pellet, a more
uniform distribution of lithium nuclei is observed. This is a clear indication

of improved plating performance and more uniform current distribution.

4.3.2 Conclusions

Optical microscopy was used to investigate how seed layers affect the
in-situ formation of a lithium metal anode in LLZO electrolytes, focusing on
early lithium nucleation at the solid-electrolyte-current collector interface.
This modified microscopy technique enabled lithium plating up to 1 mAh
cm~2 and allowed direct observation of lithium nuclei through TCO-coated
glass.

A carbon seed layer positively affects lithium plating. Unlike the bare
current collector (CC) stack, which showed two distinct lithium clusters,

the carbon seed layer allowed for more uniform lithium plating across the
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bare Cu

Figure 4.16. Influence of the seed layer on the morphology of the lithium
layer. Optical RGB images of (a) bare copper current collector stack and (b)
carbon-coated stack.

collector area.

Voltage profiles during lithium deposition indicated that the carbon seed
layer resulted in more uniform plating and stability compared to bare copper,
which showed early instability and void formation as early as 0.9 mAh
cm™!. Electrochemical impedance spectroscopy measurements corroborated
these observations, indicating moderated impedance growth with the seed
layer. Optical microscopy images revealed uneven lithium nucleation on
bare copper, resulting in hotspots, while the carbon seed layer promoted a
more uniform distribution of lithium nuclei, suggesting improved plating
efficiency. These results highlight the importance of seed layers in improving

lithium anode formation and addressing non-ideal interfaces.
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5 CONCLUSIONS AND OUTLOOK

5.1 Conclusions

The aim of this Thesis was to enhance the interfacial stability of all-solid-
state batteries by applying diffusion barriers and seed layers at the respective
interfaces.

The investigation of various sputtered Li-Me-O (Me = Al, Nb, and Ti)
interlayers revealed that metal selection plays an important role in miti-
gating cation interdiffusion at the interface, thereby improving the overall
performance of solid-state batteries. The incorporation of lithiated niobium,
aluminum, and titanium metal oxide interlayers as diffusion barriers reduced
the Co/La cation mixing at the cathode |electrolyte interface, especially for
cobalt diffusion. The presence of these interlayers improved the integrity of
the cathode-electrolyte interface during high-temperature processes, thus
promoting efficient Li-ion transfer. The study demonstrated a substantial
reduction in interfacial impedance with the introduction of lithiated metal
oxide interlayers. Specifically, the impedance was reduced from 8 k2 cm? to

1 kQ ecm?, indicating improved interfacial charge transfer efficiency. Full cells
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with interlayers exhibited superior electrochemical performance compared
to cells without interlayers. In particular, the Li-Nb-O interlayer proved to
be the most effective, demonstrating a discharge capacity of 125 mAh g™.
This high performance is attributed to its ability to suppress Co/La diffusion
at the interface. As a result, the charge transfer resistance is reduced by
avoiding the formation of detrimental interphases during sintering. Con-
tinuous degradation was observed during cycling, which was attributed to
volume expansion and contraction of the cathode active materials, inducing
stress at the interface. This study highlights the importance of interlayers in
improving the performance and stability of battery interfaces, especially in

the context of all-solid-state batteries.

A particularly interesting finding was the asymmetric voltage drop during
discharging, also spotted in literature and the observed discharge-to-charge
transition. This phenomenon, characterized by a sharp impedance drop,
was consistently reproducible across different experimental setups. Despite
extensive discussion within the battery community and numerous hypotheses,

the exact reason for this phenomenon remains elusive.

The second part of the Thesis focused on the influence of different seed
layers (Au, Pt, and C) on lithium plating and stripping in an anode-free thin-
film battery setup. The introduction of seed layers was found to be effective in
reducing overpotential and providing vital protection to the current collector.
The collectors of thin-film cells without seed layers were prone to cracking
during the first plating step. The cracking was actively suppressed by the
introduction of seed layers, thus reducing the stress during nucleation while

showing higher first cycle lithium losses of up to 13 pAh em™2 (first cycle
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efficiency of 93 %). Interestingly, the noble metal seed layers agglomerated
during plating, forming micro-sized clusters in the lithium metal layer, while
the carbon interlayer maintained its integrity. Among the materials tested,
the carbon seed layer demonstrated remarkable effectiveness, reducing the
plating potential from 300 mV for the bare copper current collector to 100 mV
at 8 mA cm™2. This result positions amorphous carbon as a viable, low-cost
alternative to the more expensive precious metals traditionally used as seed
layers. In addition, the use of a thin carbon seed layer not only benefits the
anode-free thin-film concept but also appears to improve the performance
of bulk batteries. With the introduction of a seed layer, the offset capacity
was increased from 0.9 mAh cm 2 to 1 mAh cm™2. This finding opens new
avenues for the application of carbon-based materials in advanced battery
designs.

In conclusion, this study makes contributions to the field of solid-state
batteries, particularly in the area of interfacial stability. The results highlight
the critical role of material selection and optimization in battery technology,
with the Li-Nb-O interlayer demonstrating its effectiveness in mitigating
cation diffusion and carbon seed layers showing promise in reducing overpo-
tential. These results underscore the importance of interfacial engineering

in improving the performance and durability of solid-state batteries.

5.2 Outlook

The key advantage of a thin-film model system is the simplified 2D

arrangement of interfaces without the use of additives. Hence, the results of
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this work can be applied to more complex systems since similar materials and
combinations were used compared to bulk studies. However, it is important to
note that bulk systems have significantly different layer thicknesses compared
to the scope of our study. This, along with the presence of binders and

electrode additives in bulk systems, may affect battery performance.

Despite their potential, thin-film batteries have not seen widespread
adoption, primarily due to integration challenges and high cost. As of 2024,
vacuum-processed thin-film batteries have achieved limited market success,
primarily in niche applications. A notable limitation of these batteries is their
modest capacity, which results from the limited charging of thin cathode
layers. These layers, typically only a few micrometers thick, suffer from

limited charging kinetics due to the lack of conductive additives.

A promising solution lies in a novel architectural concept of monolithic
stacking of thin films, which allows the use of bipolar electrodes. This design
minimizes substrate impact by stacking multiple cells and increases cathode
surface loading by using multiple cathode layers. A thermoelectric model
predicts that such stacked thin-film batteries could achieve specific energies
greater than 250 Wh kg™! at C-rates greater than 60. A simple proof-of-
concept demonstrator with two stacks has been built, leading to a patent

application (EP2218068.2, dated June 24, 2022, co-inventor) [81].

Scaling up production and, more importantly, electrode integration re-
main to be demonstrated. The 1 x 3 mm demonstrator uses a low-capacity
amorphous LiCoO, cathode and a disproportionately large Si anode. Ad-
dressing these issues may be feasible through insights from this dissertation.

The typical amorphous structure of sputtered metal oxide cathodes requires
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crystallization at high temperatures, which necessitates the use of diffusion
barriers. Li-Me-O interlayers are recommended to serve as diffusion barriers
while facilitating Li* ion transport.

To achieve the projected power and energy densities, an anode-free
structure is essential. The investigations suggest that pure carbon films
provide an optimal basis for this purpose, not only due to the minimized
overpotential increase but also by mitigating structural instabilities. In
particular, the agglomeration of noble metals in stacked thin-film batteries
could lead to catastrophic failures.

Beyond manufacturing and integration issues, current research trends

point to a significant impact of anode-free batteries in future applications.

The last part of this Thesis developed the basis for an optical microscope
setup for operando investigation of Li nucleation in solid-state batteries. It
is a simple, adaptable platform to directly correlate the chemo-mechanical

pheonemena at the solid-electrolyte | anode-less interface. It is recommended

that the microscope setup demonstrated in this study be further improved.

Optical studies of the effects of seed layers on lithium nucleation may lead to
new manufacturing concepts. These investigations could be complemented
by cryo-FIB SEM or TEM studies to provide deeper insights into this promising
field.
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Figure 5.1. (a) Schematic illustration of the fabricated series-stacked thin-
film battery. The two cells are marked by red dashed boxes. (b) FIB-SEM
cross-section of a monolithically stacked thin-film battery connected in series.
The two cells are separated only by thin current collectors, with the cathode
current collector of cell 2 directly deposited on the anode current collector of
cell 1. (c) Picture of four series-stacked thin-film batteries. The battery area
(1x3) mm is marked by a red dashed box. (d) Charge-discharge curves of a
series-stacked thin-film battery measured at C/10 (1 pA cm™2). The voltage
of the series-stacked battery is the combined voltage of the two individual
cells, which were cycled simultaneously. (e) The discharge energy of the
series-stacked thin-film battery was measured at C-rates ranging from C/10
(1 pA cm™2) to 2C (20 pA cm™2). From Futscher et al. [81]
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APPENDIX — SUPPORTING INFORMA-

TION

A.1 Benchmarking Li-Me-O interlayer

The fit errors for the charge transfer resistance R;,;; were 25 %, 4 %, 10
%, and 7 % for the unmodified stack and stacks with Li-Nb-O, Li-Al-O, and
Li-Ti-O interlayers, respectively. The standard deviations calculated for these
fits of less than 10 % underscore the robustness of the analysis and highlight

the differential effect of Li-Me-O interlayers on charge transport.
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Table A.1. Fitted equivalent circuit parameters from the complex impedance spectra for samples with interlayer

Interlayer Reontact  Rpetter  CPE-Tpeqier CPE-Ppeiter Rina CPETinn CPE-Pini1 Rinea CPE-Tjps2 CPE-P;p;, CPET,, CPE-P,y;
((®)] ) (F) (au) © ® (a.u) ) ® (a.u) (F) (a.u)
w/o 370.2 1243 1.77x107° 0.90 15799 3.40x10°° 1.2 9.04x10° 3.92x10°° 0.87 3.40x10°° 1.15
Li-Nb-O | 372 226 4.69x1071° 0.89 1093 1.83x107°% 0.94 5.93x10° 1.77x10°° 0.94 1.64x10°% 0.98
Li-Al-O 3702 1629 1.67x107° 0.88 4098  2.65x107° 0.98 1.13x10° 3.88x10™% 0.89 3.05x10°% 0.91
Li-Ti-O 4109 160.6 8.45x107° 0.93 4817  1.62x107° 1 332970 1.06x 1077 0.83 6.06x10°%  0.859




Figure A.1 shows the EIS data for an LLZO pellet in non-blocking elec-
trode configuration (Li/LLZO/Li) and in blocking electrode configuration
(Au/LLZO/Au). The non-blocking measurement was conducted at room

temperature from 35 MHz down to 10 Hz. The extracted ionic conductivity

was calculated from this data given by:

l
5 (A1)
RtotalA

Oion =

where R, is the total resistance (bulk + grain) of the electrolyte, [ is the

sample thickness, and A is the area.

a) b)
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Figure A.1. Electrochemical impedance data of a) LLZO pellet in non-blocking
electrode configuration (Li/LLZO/Li) , and b) LLZO pellet in blocking elec-

trode configuration (Au/LLZO/Au).
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Table A.2. Fitted equivalent circuit parameters from the complex impedance

spectra for Li/LLZO/Li.

Parameter

Value

Ryuik /
CPE-T .k /F

CPE_Pbulk / a.u.

Rgrain / Q2

CPE'Tgrain / F
CPE-P,,qin / a.u.

945.8
3.26x 10710
0.98371
353.7
1.75x 1077
0.78594

Table A.3. Fitted equivalent circuit parameters from the complex impedance

spectra for Au/LLZO/Au.

Parameter

Value

Rcontact / Q
Rpellet / Q2

C:PE"Tpellet / F

Rintl / Q
CPE-T;,;; / F

CPE-P,,;; / a.u.

CPET,, / F

CPE-P,,; / a.u.

365.3

80.5

4.80x 1077
38.2

5.30x 1078
1.066
9.91x 1077
0.81184

Electrochemical impedance spectroscopy of full cells

Figure A.2 shows the impedance spectra for each cell in the pristine state

at room temperature before the start of the CV measurement at 80 °C, and



after the CV scans at 80 °C. The impedance increases after the CV scan for

the w/o, Li-Al-O and Li-Ti-O interlayers. For the Li-Nb-O cell, the impedance

decreases with cycling, which is in contrast to the other cells. The decrease

could be related to the voltage drop of the Li-Nb-O cell.

A0 e 200 —
~ @80 °C pristine 80 - pristine
@80 °Ccycled D o @80 °Ccycled
E 30 € 150 g
g g
Y4
<20 < 100
g g
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Figure A.2. Electrochemical impedance spectra of the cycled full cells for

each interayer.
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A.2 Voltage drop phenomenon

LinkedIn discussion on observed phaenomen

The compiled excerpts provided here are specifically relevant to the thesis.
For a comprehensive overview of all comments and feedback of the post,
please refer to the following link:

https://www.linkedin.com/posts/muellerandre96_ssb-1lco-1
lzo-activity-7055178457030225921-kBor?utm_source=share&utm

_medium=member_desktop

Original Post

I've recently encountered a curious challenge while working on SSBs
(LCO/LLZO), and I could really use your collective wisdom to figure it out.
Here’s the deal:

During the discharge cycles, I'm noticing a sudden voltage drop at around
3.9 V. What's strange is that there’s no sign of it in the charge cycles. Even
more intriguing, this phenomenon occurs over many cycles and remains
quite consistent across multiple samples. After some digging, I've come
across 2-3 similar cases in the literature, but with no explanations provided.
So, I'm turning to my LinkedIn community to see if anyone has experienced
this oddity before or has any insights into what could be causing it. If you've
encountered something like this or have any ideas, please drop a comment
or send me or my colleagues (Abdessalem Aribia, Moritz H. Futscher, Jedrzej

Morzy, Joel Casella, Nicolas Osenciat) a message. I'm excited to hear your


https://www.linkedin.com/posts/muellerandre96_ssb-lco-llzo-activity-7055178457030225921-kBor?utm_source=share&utm_medium=member_desktop
https://www.linkedin.com/posts/muellerandre96_ssb-lco-llzo-activity-7055178457030225921-kBor?utm_source=share&utm_medium=member_desktop
https://www.linkedin.com/posts/muellerandre96_ssb-lco-llzo-activity-7055178457030225921-kBor?utm_source=share&utm_medium=member_desktop

thoughts and look forward to collaborating on solving this enigma together!
Let’s join forces and crack this case!

Cheers, André

# SSB #LCO #LLZO #voltagedrop #dischargecycle #batterytech #engi-

neering #problemsolving #battchat #batterytechnology

Potenital (V)
w w w
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Figure A.3. Potential vs Normalized Charge with of LCO|LLZO|Li full cell.

Testing procedure EIS measurement

The entire process (charging, EIS during charging, discharging, EIS

during discharging) is repeated three times.
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A.3 Seed layers

AFM characterization

Table A.4. Summary of AFM-derived surface parameters for the investigated
materials

Au C Cu Pt
Average value nm 9,87 7,53 8,29 9,05
RMS roughness (Sq) nm 2,16 2,15 2,45 2,18
RMS (grain-wise) nm 2,16 2,15 2,45 2,18
Mean roughness (Sa) nm 1,68 1,70 1,95 1,75
Skew (Ssk) 0,36 0,28 0,18 -23,31
Excess kurtosis 1,41 0,38 0,51 -0,18
Minimum nm 0 0 0 0
Maximum nm 21,1 16,6 21,54 15,68
Median nm 9,84 7,47 8,29 9,06
Maximum peak height (Sp) nm 11,23 9,07 13,25 6,63
Maximum pit depth (Sv) nm 9,87 7,53 8,29 9,05
Maximum height (Sz) nm | 21,11 16,60 21,54 15,68
Projected area nm? | 250000 250000 250000 250000
Surface area nm? | 270238 262507 273273 266517
Surface slope (Sdq) 0,45 0,34 0,47 0,39
Volume nm® | 2468253 1881908 2071644 2262142
Variation nm? | 89922,3 72074,8 95299,1 814954
Inclination 6 deg | 0,32 0,07 0,08 0,23
Inclination ¢ deg | -170,59 -157,96  -148,21 -160,88
Scan line discrepancy 0,04 0,03 0,04 27,88




Cracking of bare copper CC

During the process of plating metal lithium onto the bare copper CC,
it was observed that the copper layer began to exhibit cracks, as shown in
Figure A.4. These cracks provided a pathway for the lithium metal not only
to plate beneath the copper layer but also to diffuse into the soda-lime glass
substrate, as depicted in Fig. 3a. The origin of these cracks can be traced
back to the mechanical stress exerted on the copper CC films during the
plating process.*! This stress led to the deformation of the copper, resulting

in the aforementioned cracks.

Detailed cycling procedure

The plating/stripping cycling protocol is outlined below and shown

schematically in Figure A.5.

2

1. Initially, a constant current plating of 0.2 mAh cm™ was carried out,

utilizing a current density of 0.2 mA cm™2.

2. Following this, the plated lithium was stripped using the same current

density, continuing until a cut-off potential of 1.5 V was attained.

3. To ensure the complete removal of residual lithium, we employed

constant voltage stripping.

4. Subsequently, we carried out repeated cycles of constant current plating

and stripping:
* Each plating and stripping cycle was executed five times consecutively.
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Figure A.4. Cross-sectional micrographs of the reference architecture
Cu/LiPON/Li/Cu with 0.2 mAh cm™2 (1 pm) of lithium plated. a) shows
non-uniform plating, while b)-e) show cracks in the copper CC.

* After completing these five cycles, the current density was incremen-
tally increased by 0.2 mA cm~2. This step-by-step increment was
continued (i.e., 0.2, 0.4, 0.6, 0.8 mA cm™2 and so on) until a current

density of 8 mA cm™2 was reached.

During the repeated cycles (as mentioned in step 4), we did not utilize
constant voltage stripping, but the cut-off potential of 1.5 V was consistently

maintained.



Const. Cur. Plating
j=-0.2mAcm?
Q=0.2mAh cm?

Const. Cur. Stripping

— j=0.2mAcm?

Q=0.2mAh cm?
Cut-off potential = 1.5V

Const. Volt. Stripping
j=<20pmem?
Cut-off potential = 1.5V

Const. Cur. Plating
j=-0.2to -8 mA cm?
Q=0.05mAh cm?

Const. Cur. Stripping
j=0.2t0 8 mA cm?
Q=0.05mAh cm?

Cut-off potential =1.5V

After 5x
j+=0.2mAcm?

Figure A.5. Detailed cycling procedure for the plating/stripping experiment.
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"Success is not final, failure is not fatal: it is

the courage to continue that counts.”
— Winston Churchill



