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Preface

This dissertation summarizes the work that was carried out in the time between March 2017
and October 2020 at the Philipps-University Marburg under the supervision of Prof. Dr. Bern-
hard Roling and Prof. Dr. Stefanie Dehnen. It has to be noted that in the period between May
2018 and February 2019 a medium-term research period was spent at the College de France,
Paris, France under the supervision of Prof. Dr. Jean-Marie Tarascon. However, the project
dealt with there, is not included in this manuscript.

The results of the research have partially been published in the articles listed further below.
This cumulative dissertation is thus mainly a shortened version of these articles with the funda-
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1 Introduction and Motivation

Crises are polymorphous. Some are short but destructive, others are more prolonged but
do not demand the same amount of sacrifices. Nevertheless, be it an economic recession or a
pandemic such as the recent global outbreak of Covid-19 — provided political volition — human-
ity usually has the means to fight the causes. Because a crisis — by its definition — is something
non-perpetual, it will pass. Moreover, most often, crises are rather locally limited.

Global warming is different. Admittedly, the amounts of greenhouse gases emitted by
different countries vary greatly — and, quite unfairly — so do, but rather inversely, the direct
repercussions of it: droughts, desertification and floods. However, these are only the most sali-
ent consequences. Indirect consequences will affect each country on this planet. In contrast to
a conventional crisis, instead of climate crisis, we should speak of climate catastrophe. Global
warming is not something that will stop anytime soon. The concentration of greenhouse gases
in the air, most importantly CO, (Figure 1), knows just one direction — particularly during the
past 40 years: upwards. The only thing we can do is slow down the process. We cannot halt it
and, most certainly, we will not be able to reverse it in the near future because whereas im-
portant greenhouse gases, like methane and nitrous oxide, have a rather short half-life due to
chemical degradation of 12 and 114 years, respectively, COz is thermodynamically stable and
will not disappear in the human time horizon.*! Geochemical alterations of the CO_ concentra-
tion — based on erosion and weathering of rocks — cover large time spans of several thousands
of years.? Quite rapidly, though, a large fraction of the anthropogenic CO; is continuously
absorbed by the oceans. Although this reduces the atmospheric content of COz this is highly
problematic as it is a major contributor to the devastating effect of coral bleaching. Owing to
the decreased pH value of the carbonic acid-enriched seawater, the equilibrium
HsO0* + CO3* = H.0 + HCOs  is shifted toward HCO3™ being inaccessible to marine calcifi-
ers such as corals.l®l Other than oceans, swamps and wetlands are considered as powerful carbon
sinks. Furthermore, thanks to its high heat capacity the water in virgin or well-managed wetland

landscapes can effectively attenuate large temperature variations e.g. between day and night.t!



However, the destruction of these — both from a perspective of climate and biodiversity —
precious habitats happens just as quickly as the incline of global CO, emissions.>®! Nature’s
material flows are a delicate web of loops and cycles. Humankind, though, continuously rup-
tures these cycles with a general focus on short-term productivity gains fundamentally linked
to the depletion of natural resources rather than attempting a genuinely sustainable use thereof.
Even today, in the 21% century, humankind still predominantly behaves like what biologist
would call an r-strategist: rapid growth of a population during easy access to resources. For
centuries, we made exploitive use of nature’s ample and seemingly inexhaustible natural re-
sources but in the meantime, we have reached the ecological limitations of our planet. Conse-
quently, we ought to adapt to this new situation by shifting our handling of natural resources to
a one of much more pronounced circular economy in every aspect of our everyday life. The
high living standard of modern society — a product of a long history of division of labor and
specialization — is inextricably linked to the constant availability of energy to power our ma-
chines and tools. Thus, if we want to preserve our living standard with the vast amount of
amenities we have gathered, it is high time that we drastically change the way we produce, store
and consume energy.
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Figure 1: Atmospheric carbon dioxide concentration and absolute yearly averaged difference (1880 — 2020) from
the average temperature of the 20™ century. Carbon dioxide levels (grey line, right-hand axis) are given in parts
per million, temperature differences (left-hand axis) in degrees Celsius.I"]

Fortunately, already today, due to a continuous development of the underlying technolo-

gies and typical scaling effects, the production costs of renewable energies, like wind or solar,



have become competitive with those of fossil fuels.®®! In many places, though, the costs as pri-
mary counterargument have been superseded by fears and health concerns of individuals and
local communities predominantly linked to the emission of infrasonic, which, however, cannot
at all be backed scientifically.[®1% After all, the main reasons causing annoyance might be very
subjective including aesthetic reservations, social acceptance, benefits and attitudes, the local
situation and the conditions of planning.l*™] The erection of a wind plant has indeed a large
visual impact on the landscape and, especially in touristic areas, can have a considerable eco-
nomic impact t0o0.1? The velocity of the further expansion of renewable energy plants will thus
be highly dependent on whether policymakers, companies and land owners will find the right
means to render those plants more — financially — attractive to those immediately affected by
their construction.*314 Nevertheless, due to a lack of alternatives — “electricity does not simply
come from the socket, indeed ” — it is most likely that commonsense will finally prevail and we
will see a substantial rise in renewable energy production in the upcoming decades.*>-%]

However, this creates a big and predominantly unsolved problem: Naturally, wind and
solar energy are not continuously supplied. How can we store large amounts of energy for times
of lower production but higher demand? A permanent and controllable generation of energy is
a convenient myth of the fossil era that we have become just too accustomed to over the last
century. Sustainable energy generation is just as dynamic as life itself. Fortunately, though,
humankind can come up with ways to emulate what nature provided us with for so many years.
We can create our own systems to effectively store large amounts of energy. Endeavors to bal-
ance the seasonal differences in the supply of renewable energies will crucially depend on the
coupled generation of hydrogen from electrolysis of water.[*®] Excess hydrogen might find ex-
tensive use as fuel in the transport sector. However, storage and utilization of H. are linked to
certain risks, as H is known for its tendency to form explosive mixtures with oxygen. Moreover,
storage of H is not an easy task and demands for complicated and bulky storage systems. Hence,
for special applications like planes, where safety and lightweight construction are of paramount
importance, another solution might play out handier. The hydrogen generated together with
CO- could be used as feedstock for the large-scale synthesis of hydrocarbon-based sustainable
fuels.*® However, as the production of Hz and even more so of the more easy-to-handle hydro-
carbons consumes a considerable fraction of the energy itself, these are only sought for in long-
distance and heavy-duty transport.

For (comparably) lightweight transport as cars, it is batteries that are key for an effective
and efficient exploitation of renewable energy in the transport sector. Additionally, batteries

will play a key role in the clean storage of surplus energy in the grid when short-term —i.e. daily



to weekly — differences have to be balanced. Generally, Li-ion batteries (LIBs) find widespread
applications in many different fields today. Their combination of extremely appealing charac-
teristics — high energy densities, longevity — and a continuously decreasing price® have led to
the replacement of many former — and now inferior — battery technologies that dominated the
market for a long time (ellipsoids in the lower left corner in Figure 2). Those less sophisticated
battery technologies are nowadays only used in certain applications where the price is the deci-
sive criterion. Nickel metal hydride (Ni-MH) batteries for instance — having earlier superseded
Ni-Cd batteries — for their part have been almost completely replaced in consumer electronics
by LIBs today. Lead-acid (PbA) batteries, on the other hand, motivated by their cheap price,
are one of the few systems that are still produced in large volumes besides LIBs. They have
found their predominant application in automotive starter batteries for cars and other vehicles
making use of an internal combustion engine (ICE). In the long run, though, the days of ICE
cars are numbered and so are those of the PbA battery. Prices for LIBs on the cell-level have
currently reached a price of approximately 170 $/kg which astonishingly beats the predicted
price — already anticipated by experts and analysts to dwindle considerably only 5 years ago —
by almost a factor of 2.[1%2°1 Moreover, a large leap forward has been achieved from the early
days of LIBs until today also in terms of specific as well as volumetric energy density.?*) How-
ever, whereas a significant further reduction of cell prices is projected to continue in the up-
coming years, the attainable energy densities of the current cell-chemistries are reaching their
limits within the current paradigm.[??l Therefore, innovative new battery systems are needed
and hence frenetically researched like for example Na/K ion or Li-S to name just a few.

As can be seen from Figure 2, Li-ion technology currently makes use of liquid electro-
Iytes (LE) and predominantly graphite as anode material (pinkly encircled ellipsoid). Currently,
a partial substitution of graphite by silicon is underway. However, the potential is limited as
will be shown in more detail in section 2.1.2.3. A considerable further increase in volumetric
energy density, being decisive for the widespread adoption of electric vehicles (EVs), can most
likely be expected from a further development of Li-ion chemistry — rather than from com-
pletely different cell chemistries as Na-ion or Li-S. The most promising concept is the one of
the so-called all-solid-state battery (ASSB). In an ASSB, the LE is substituted by a solid elec-
trolyte (SE). In the case of Li, this might possibly enable the long-cherished dream of battery
researchers: usage of elementary Li on the anode side boosting the attainable energy densities
significantly.!?! In a LE-based cell, this is hardly possible as will be explained in section 2.1.2.3.
Only recently, a successful prototype of an ASS-LIB was reported by Samsung that retained

roughly 90% of its original capacity over an unprecedented number of 1000 cycles, making



quite some waves in the community.?* Long-hold skepticism towards the ASSB-technology
gradually gives way to more optimistic opinions on the future of ASSB with key researchers
and companies considering the rollout of ASSBs only as a matter of time.[2225-2]
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Figure 2: Different battery technologies plotted with regard to their gravimetric and volumetric energy densities
at cell level. Approximate performance parameters for different applications are shown as supplementary infor-
mation. Adapted from reference [28].

However, priorities might lie on other aspects when looking at different applications.
Given that no Na-ion battery (SIB) cells have been commercialized, yet, their thorough evalu-
ation, let alone predictions with regard to their future importance are difficult. Still, their current
performance already compares to that of commercial Li-ion cells in their early days.[?°! A vari-
ety of studies have shown their feasibility and proven long-term capacity retention.[°-32 With
sodium being a bit heavier and having a slightly higher redox potential than Li, the attainable
energy densities will be lower. Nevertheless, sodium’s abundance and worldwide availability
coupled with the prospect of cheap and benign cathode materialst® might give rise to a pow-
erful alternative energy storage technology. Its scope would be particularly in the field of grid-
scale energy storage!® because here the price is the decisive criterion and the relevance of high
energy densities is rather low.

Inspired by the prospect of ASS-LIBs, much research has also been carried out on all-
solid state Na-ion batteries (ASS-SIBs). Given that not even their liquid counterparts have been
commercialized yet, research regarding them is still entirely fundamental. Nevertheless, with
differences between solid state-based LIBs and SIBs being essentially the same ones as for their
liquid counterparts, the development of ASS-SIBs is carried out in parallel with LE-based ones.
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However, especially in grid storage applications, safety and longevity become decisive criteri-
ons.?®l Typical LEs are organic carbonates, which pose a safety risk due to their volatility and
flammability.*4! Packed together to form large-scale grid storage fires could have devastating
consequences. SEs, with their intrinsic non-volatility and inflammability, promise to mend
these problems. Thus, SIB technology is particularly attractive for grid storage when linked to
the usage of SEs.[?] In contrast to ASS-LIBs, though, usage of the elementary alkali metal will
most likely not be possible. Na has a very low melting point of 98 °C, which — together with its
higher reactivity compared to Li — would pose a safety risk.

With the world becoming ever more complex “one-Size-fits-all” approaches seem less
and less appropriate. It will be rather a couple of different chemistries with each of them being
further discriminated into small variations that fulfill slightly different requirements and de-
mands. Research during my PhD studies was shared between Na-ionand Li-ion solid-state ion-
ics and so will be the following thesis. I will give a short introduction on conventional LIBs and
then cover the developments of both Na-ion and Li-ion solid-state ionics, respectively. After-
wards, the current state of ASS-LIBs and ASS-SIBs will be discussed separately followed by
the cumulative section presenting my original work on the subjects, respectively. Finally, 1 will
conclude with some final remarks and my opinion on where to expand future research efforts

to building upon my results.



2 Theoretical Background and State of Research

2.1 The Standard Li-lon battery

2.1.1 Operating Principle of a Standard Li-lon Battery

Conventional Li-ion batteries (LIBs) contain a porous anode (negative electrode) and a
porous cathode (positive electrode) as ‘active’ storage components (Figure 3), coated on thin
copper and aluminum foils, respectively. These metals serve as current collectors. The initially
developed version of the LIB deployed LiCoO> (LCO) as electrochemically active material on
the cathode side. On the anode side — due to its very low potential in the lithiated state being
almost as low as for elementary lithium — graphite is used; separated from the cathode by means
of an electrolyte-filled ceramic separator.[*® In addition to both active materials, both electrodes
generally contain binders (polymers) for mechanical stabilization and an electronically conduc-
tive additive such as active carbon, respectively. The combination of LCO with graphite as
active materials leads to a cell voltage of approximately 3.8 V. Since this value by far exceeds
the electrochemical stability window of water, non-aqueous electrolytes have to be utilized. The
most commonly applied systems consist of lithium hexafluorophosphate in a mixture of organic
carbonates, like for instance ethylene carbonate and dimethyl carbonate. A thin separator (grey
band in Figure 3) is placed between the much thicker electrodes (each about 100 um thick).
The liquid electrolyte infiltrates the porous electrode and separator assembly, providing fast ion
transfer between the electrodes and preventing electronic short-circuiting. The operating prin-
ciple of such a LIB is based on the transfer of Li ions and electrons between both electrodes
upon the charge/discharge cycles with both species going back and forth. This led to the de-

scription via the so-called “rocking-chair model”.[%!
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Figure 3: Schematic drawing of a liquid electrolyte-based Li-ion battery. Comparably heavy copper current col-
lectors are necessary on the anode side since Li is known to be able to alloy with the lighter Al. CEl: cathode
electrolyte interphase, SEI: solid electrolyte interphase, TM: Transition metal.

In the initially discharged state of a LIB, the transition metal oxide (TMO) is fully lithi-
ated. Upon charging, Li ions (green spheres in Figure 3) is transported through the electrolyte
and the separator towards the graphite and are subsequently intercalated into the carbon host.

The electrons are concomitantly transferred to the same destination via the external circuit.

Cp+ x-Lit+x-e” - Li,C, (1)
Li;Co0y = Li;_,Co0, +x-Lit +x-e~

Upon the following discharge, the Li ions return and are reintercalated into the TMO host.
The electrons, again, have to take the external circuit enabling them to perform work at an
intermediary consumer. This discharge reaction is eponymous for terming the TMO the cathode
and the other — usually consisting of graphite as active material — the anode material inside a
LIB:

Li,C, > x-Li*+C,+x-e” @)
Li;_xC0o0, +x-Lit+x-e” > LiCoO,

The vast application of LE-based LIBs in modern consumer electronics easily distracts
from the fact that the chemistry behind these batteries is far from straightforward. These batter-



ies only work because the common electrode materials are able to form electronically passivat-
ing interlayers that prevent the continuous decomposition of the respective electrode material
and its adjacent current collector upon parasitic reactions with the electrolyte. Much research
has been devoted towards a better understanding of these processes, especially on the anode
side. However, a clear and comprehensive picture of the exact nature of these protecting layers
has still not been established.-*1 Undoubtedly, their vast complexity justifies calling the LIB

a fortunate coincidence.[“0411

2.1.2 Limitations of Current Cells

Considerable progress has been made over the past almost 30 years of commercial LIBs
on several levels: on the (1) battery level, (2) cell level and (3) the materials level. Whereas, for
consumer electronics — albeit the understandable and widespread wish of consumers for even
longer battery runtimes — the performance parameters allow for an appropriate utilization of the
respective devices: laptops, smartphones, smart watches and electric tools to name only a few.
For more demanding applications both in terms of energy and power density, like electric ve-
hicles, the current state of technology still leaves much to be desired. Several contradicting
goals have to be minded: Primarily, the energy density has to be considerably enlarged in order
to allow for comparable ranges as the habitual ones from internal combustion engines (ICEs).
Secondly, and hardly less importantly, the time needed to recharge the batteries must be drasti-
cally reduced in order to offer clients roughly the same comfortable experience of refueling as
the one they are used to.[*?1 Thirdly, the previously mentioned aims have to be reached concom-
itantly with a further decrease in prices in order to render EV batteries cost-competitive with

combustion engines.

2.1.2.1 Battery Level

A LIB for EVs consists of multiple individual (modules of) cells which are packed to-
gether to form the actual battery (pack). On the battery level, the individual constituting cells
are monitored with respect to important parameters, like for instance the state of charge (SOC)
or the state of health (SOH) both being crucial for efficient battery management.[*l The over-
arching goal for a high-performing LIB is to reach a suitable compromise between the two
competing main requirements: on the one hand energy and power density and on the other hand

longevity. Both prerequisites generally contradict each other, comparable to the common



tradeoff between rolling friction and wet grip in the tire industry. Commonly, in order to reach
higher energy densities, industrial cell manufacturers continuously try to increase the electrode
thickness, but reduce the thickness and thus the weight of the current collectors (especially that
of the heavier Cu on the anode side — cf. Figure 3) and use less electrochemically inactive
materials e.g. for casing. However, these manipulations most often result in increased re-
sistances inside the cell leading to more pronounced Joule heating and thus to more serious
aging of the battery.[*?l This is further exacerbated by the dense packing of the individual cells
in order to reach the necessary volumetric energy densities for EVs.[*l In order to improve
longevity, an efficient battery thermal management system (BTMS) is thus of paramount im-
portance. It keeps the temperature constantly not only below a temperature of 80 °C — above
which thermal runaway becomes possible — but also below a temperature of approximately

35 °C, above which ageing phenomena become much more pronounced.[*>4]
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Figure 4: Schematic of the power limit of a commercial Li-ion battery depending on the respective temperature.
Temperature values for upper and lower limit of optimal operation range according to reference [44].

BTMSs can generally be divided into air- and liquid-based ones. Initially, the simpler air-
cooling was predominantly used, but for example the early EV Nissan Leaf showed increased
battery degradation when operated in the hot climate of Arizona.[*? With the construction of
more and more energy-dense batteries, this issue becomes even more problematic, facilitating
the shift towards more complex liquid-based BTMS, which can cool the batteries much more
effectively. To this end, a coolant (usually consisting of a mixture of glycol and water) is used.
It can dissipate the energy either passively (using the airstream of the driving car) or make
additional use of the vehicle’s air conditioning system thus enlarging the chilling effect. More-
over, solely by using a liquid-based BTMS, the battery can also be warmed with an integrated
heating element rendering the car operable at temperatures < 10 °C when the kinetics of com-

mercial Li-ion batteries become much more sluggish. This technology is used for example in
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the soon to be released Volkswagen ID.3, the company’s first “real” electric car based on its

newly-developed e-mobility platform.[4"]

2.1.2.2 Cell Level

On the cell level, engineering successes have continuously increased the performance of
LIBs, i.e. increased their energy density and simultaneously lowered their prices. The most
typical cell format of a Li-ion cell is the so-called 18650 one. One of the most powerful of these
standard 18650-cells available today (manufactured by LG Chem) 8 delivers a 3500 mAh
charge capacity at a mean voltage of 3.65 V corresponding to a gravimetric energy density
Wyrap OF roughly 265 Wh-kg ™ at the cell level. This represents an overall increase by almost a
factor of 4 in terms of energy density compared to the first commercial cells from Sony in 1990
(Figure 10A), which is partially due to improvement of the cell-design. A handful of these
cylindrical cells make up common laptop-batteries. Tesla, the currently largest manufacturer of
EVs, uses these cylindrical cells— manufactured in a collaboration with Panasonic — also for
their traction batteries (Figure 6A). A total of 7104 individual 18650-cells make up the battery
that drives the Tesla Model-S.[*] A change that happened only recently is the transition from
these cells to their larger relatives: the bigger 21700-cells (Figure 6B) offering roughly 50%

more capacity per cell.[5054
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Figure 5: A: Size comparison of a commercial 18650-cell with the well-known standard alkaline cell formats AA,
taken from reference [52]. B: Battery module of Tesla Model-S being composed of an array of 18650-cells, top
view, taken from reference [49].
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Figure 6: Size comparison of the standard 18650-type cell and the upcoming new default cell type 21700. The
naming is according to the following logic: The first two digits describe the width in mm and the subsequent two
digits indicate the length in mm followed by an additional “0”. Taken from reference [50].

The anticipated improvements in terms of gravimetric and volumetric energy density rely
mostly on the reduced number of housings necessary to reach the same overall capacity and, as
a result, fewer processing steps per kWh. This reduces the cost, but a considerable impact on
the overall energy density is not expected;! it will remain in the low single-digit percentage
area.°®51 The general disadvantage of these cylindrical cells — be it 18650, 21700, or even
larger future formats like 25700 or 30700 — is their comparably high weight per kWh because
of the many individual aluminum housings. Due to the typical cost reductions stemming from
economies of scale their prices have gone down considerably in the past decade.®>** However,
only little space is left for further improvements of the energy density in terms of cell design
which is why most original equipment manufacturers (OEMS) like Volkswagen — in conjunc-
tion with cell-suppliers like LG Chem, Samsung SDI or Northvolt — draw on prismatic cells to
power their electric cars, be it hard-case ones our pouch cells (Figure 7). Those cell types pos-

sess larger potentials for future improvements.[27471
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Figure 7: Overview of different cell formats for Li-ion Batteries. From left to right: a cylindrical, prismatic hard
case and a pouch cell. Taken from reference [55]. Copyright© 2016, with permission from Springer Nature.

2.1.2.3 Materials Level

Major advancements on the materials level consist for instance in the deployment of one
of several alternative cathode materials. The most widely used ones today are the so-called
NMC and NCA materials both being formal derivatives of LCO. They have in common that a
considerable fraction of the cobalt in LCO is replaced with nickel, which has several advantages.
Firstly, cobalt is much more expensive than nickel.[58571 Secondly, cobalt is mined, to a large
extent, under very critical circumstances in the Democratic Republic of Congo. Thirdly, sub-
stitution of nickel for cobalt considerably enlarges the capacity.®® Higher nickel contents in-
crease the share of Li that can be deintercalated from the transition metal (TM) host material
compared to LCO where the maximum delithiation corresponds to a chemical formula of
LiosC00.. A certain amount of cobalt, though, is needed as helps to limit the capacity loss
during prolonged cycling.[®® Furthermore, a small amount of manganese in the case of NMC
or aluminum in the case of NCA is added as the high nickel content of the materials would
otherwise lead to a drastic decrease in their structural stability. The reason lies in the similar
ionic radii of Li-ion and Ni?*1%-62 which may result in cation mixing during the synthesis if the
parameters are not carefully optimized.[%® In addition, Mn increases the thermal stability of
NMC materials. As for the possibility to vary the exact amounts of the constituting metallic
elements, NCA materials behave much more rigid. The typical composition for commercial
applications is LiNio.8Co00.15Alo.0502. NMC materials on the other hand — boasting a general
formula of LiNixMn1.xCo1xyO> — offer the possibility to extensively vary their stoichiometry
regarding the transition metals. Therefore, NMC materials are widely denoted with a postposed
three-digit number indicating the respective share of each element in the TM-layer: e.g. NMC-
111 being composed of 1/3 of each constituting TM-element. Further substitutions of Co lead
to NMC-523 or -622 and finally NMC-811 which is at the verge of being utilized in next-

13



generation batteries.[?®! Currently, even higher shares of Ni are researched further driving the
energy densities.’?” However, the notoriously unstable LiNiO2 represents the soon to be reached
theoretic maximum.[®31 Another possibility for driving the energy density on the cathode side
rather than enlarging the share of Ni is partially substituting the TMs in NMC-based materials
by Li giving rise to so-called Li-rich NMC materials able to perform anionic redox.[%6"1 The
participation of oxygen in the redox processes in addition to the TMs enables markedly larger
capacities compared to the previously discussed “Ni-rich” NMCs. However, these come at the
cost of many hitherto unsolved problems: large irreversible capacities, sluggish kinetics and
low Coulomb efficiencies.® Thus, for a commercialization of these materials, significant fur-

ther advances are necessary.

0O NMC 811 Li-rich NMC
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energy density
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Figure 8: Benchmarking Li-rich NMC against conventional (Ni-rich) NMC materials. Comparison of NMC-811
and Li-rich NMC electrode materials according to six key figures of merit, taken from reference [64].

After exhausting short-term possibilities on the cathode side, the next possible enlarge-
ment will most likely stem from the utilization of certain amounts of silicon complementary to
graphite on the anode side as recently announced by Volkswagen and Contemporary Amperex
Technology (CATL)[8 — the currently largest manufacturer of Li-ion cells worldwide (Figure
9) — independently from each other. However, this strategy — having been subject to extensive
research since the discovery of the excellent capacity of Si upon alloying with Li®%7 — will
only be applicable to a very limited extent (approximately 20% of silicon).l?”! This is due to the
long-known issue of serious, associated volume expansion which leads to fracture and ulti-
mately to the electrical isolation of the majority of the silicon particles.[”*7?l The same holds for
other elements like Ge and P which are likewise known for their large Li-ion capacities but

behave very similarly when it comes to volume expansion.[”]
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Figure 9: Roadmaps of A: Volkswagen and of B: China-based Contemporary Amperex Technology (CATL) —
the currently largest manufacturer of Li-ion cells worldwide — for the development of energy densities of Li-ion
batteries from today until beyond 2030.12":61

The “holy grail” of Li-ion battery research is, without a doubt, the safe implementation
of elementary lithium as renouncing a graphitic host material would considerably boost attain-
able energy densities.[”*l However, its utilization inside LE-based LIBs is not easily feasible,
since the massive changes upon plating and stripping of Li render the SEI rather unstable. The
continuous consumption of the liquid electrolyte and lithium shorten the cell life. Furthermore,
the formation of so-called lithium metal dendrites or filaments is rampant. Firstly, these contin-
uously growing structures can pierce through the separator, subsequently reach the cathode side
and thus cause cell shorting and even explosion. Secondly, they induce the so-called “dead
Li”.I81 Under certain circumstances, upon plating, the SEI at the root of the Li dendrite may
become thinner than the SEIs on the tip. When the current direction is subsequently reversed
and Li metal is stripped, the impedance at the root is lower, and so it might shrink faster than
the tip. This eventually results in a hollow SEI stem at the root electrically disconnecting the
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branches of the dendrite from the current collector. Already a small degree of convection in the

electrolyte suffices to break off the root leading to small lithium flotsam.["®!

2.1.2.4 Summary and Roadmap

In summary, both engineering and materials advances have continuously driven the en-
ergy densities of LIBs. Currently, an even higher Ni-content corresponding to NMC-90|05|05
as cathode material is researched.l’’” On the anode side, cell manufacturers will continuously
exhaust the possibility to replace graphite with alloying materials like silicon, but the limits are
tight. Both strategies will only slightly increase the energy density of the current cells. Thus, in
the current paradigm, state-of-the-art Li-ion batteries are reaching their physicochemical lim-
ititations (Figure 10).14]
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Figure 10: A: Adapted from reference [22]. Evolution of volumetric and gravimetric energy densities of standard
cylindrical 18650-cells since the beginning of their commercialization in 1990. A value for a current cell with one
of the highest energy densities available on the market today (manufactured by LG Chem) is taken from reference
[48]. The energy density of commercial LIB cells may soon reach a limit (represented by a bar that refers to their
volumetric energy density assuming no unforeseen developments in materials technology. The exact value of the
limit is influenced by how the cell is designed and processed.["®!

If no complete change on the materials level will occur, the maximum attainable energy
density is limited to a volumetric value of slightly above 800 mAh/I (Figure 10) depending on
the exact materials used and on the cell design.[??1 With regard to the gravimetric energy density,

this corresponds to a value of 350 mAh/g (cf. Figure 9A and B). Therefore, in order to reach
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significant gains in both energy and power density, fundamental changes in cell chemistry are
needed.

The so-called all-solid state battery (ASSB) is currently the likeliest candidate to enable
this urgently needed step forward. According to both cell manufacturers and EV producers
(Figure 9) the ASSB will be next big issue in battery science possibly substantially boosting
both energy and power densities of LIBs finally enabling the widespread introduction of EVs
into the market.
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2.2 The All-Solid-State Battery

2.2.1 Development of Solid State lonics

The advent of research in ASSBs is inextricably linked to the discovery of its most crucial
and fundamental component: the SE. After the ground laying works of scientific giants like,
among others, Michael Faraday and Walther Nernst, the properties of the archetype of ionic
conductors was discovered in 1914: the high-temperature a-phase of Agl.[”® At its phase tran-
sition from the - to the a-phase at 147 °C, the conductivity increases by three orders of mag-
nitude to 1.3 S/cm.8% The reason for this behavior lies in the peculiar change of its crystal
structure involving two key aspects. Firstly, the number of neighboring vacancies of every Ag
ion by far exceeds the number of Ag ions, which is oftentimes termed as structural disorder.
Secondly, the anions form an array, which provides the cationic sublattice with flat potentials
along interconnecting pathways. These two prerequisites can basically be transferred to all
high-performance ionic conductors.[®

The a-phase of Agl served in the following as an inspiration for the investigation of more
sophisticated Ag-ion conductors with similar features. This led, among others, to the discovery
of AgsSI and AgsSBr in 1964 with similar conductivities at elevated temperatures(®! but higher
melting temperatures than a-Agl which assumes the liquid state at 550 °C. Also, and more
importantly, these two compounds showed a decent ionic conductivity already at r.t., 0.01 S/cm,
prompting researchers to construct silver-based cells. The first one was an Ag|AgsSl|l, cell®
which already boasted current densities in the mA/cm? range surpassing all hitherto existing
battery concepts which only allowed current densities in the pA/cm? range.[®4 Subsequently,
an even higher Ag-ion conductivity at RT was attained in the case of RbAgals (firstly discovered
in 1965)[8588] exhibiting an RT ionic conductivity of 0.27 S/cm in its polycrystalline form.[®]
This value comes close to the record holder of RT solid state ionic conductor materials that are
known up to the present time: the Cu™ conductor RbsCuisl7Cli3 with a specific conductivity of
0.34 S/cm at 25 °C.1#8

Obviously, in the early days of solid state ionics, high conductivities were only known
for the 1%t and 2" row coinage metals: thus Ag and Cu. Consequently, as one of the very first
examples for ASSBs, the Ag-based SEs were used to construct batteries with elementary silver
as the anode and iodine as cathode material .l

However, Ag — and by extension Cu as well — are noble metals. As such, they display

rather high redox potentials leading to comparably low cell potentials attainable when employed
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as anode material. Therefore, in order to design competitive ASSBs, solid-state ionic conduc-
tors that employ cationic elements with a more favorable (thus lower) redox potential were
needed. In this regard, it seems reasonable to resort to the alkali or even alkaline-earth metals.
In fact, in a next step on the road to improved ASSBs — far before the commercialization of LE-
based Li-ion cells by Sony in 1990[°° — the first Li-based cell was developed: a primary Li|Lil|l2
cell with in situ generated Lil aimed at the utilization in pacemaker devices.®!! To this end, the
battery was well-suited because it combined the two most important prerequisites: longevity
and a high energy density achieved by the — in contrast to the Ag-based cells — significantly
increased cell voltage of roughly 2.8 to 2.4 V over the course of the discharge. Additionally, it
exhibits several further advantages sought for in ASSBs: high energy density, impossibility to
leak and robustness. Hence, these batteries — with small modifications — are still used today in
the initial scope.

But while the low conductivity of Lil (107 S/cm)® did not prevent the triumph of these
cells in low energy medical gadgets, it is by far not enough for devices like smartphones, laptops
or even electric vehicles. These have much larger requirements regarding the power density.
For this purpose, more conductive electrolytes are needed. After the commercialization of the
Li|Lil|l2 cell, only a few further articles were published on the matter of Li-ion batteries until
one of the pivotal points of battery-based energy storage research: the introduction of recharge-
able liquid Li-ion cells by Sony in 1990 (cf. Figure 11).10%1 Afterwards, in the past decades,
an intensive investigation of suitable materials for ASS-LIBs has begun. Whereas the interest
seemed too abate in the first decade of this millennium it has regained momentum around 2011
which could be explained by — among other things — the discovery of promising Li-ion solid
electrolytes, such as LiioGeP2S12 (LGPS) in 20114 and the anomalously well-conductive S
LPS in 2013.1! The conductivities of LGPS and some other SEs are high enough in order to
steadily advance from the level where the electrolyte is necessarily the limiting factor for the
operation of these devices to the current paradigm where ASS-LIBs are predominantly limited

by the appropriate design of the respective interfaces inside the battery.
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Figure 11: Overview of the number of publications per year from 1970 until 2020 when searching for “Li solid
electrolyte” in the Web of Science database, date accessed: 31th July 2020.[%¢

For all-solid-state Na-ion batteries (ASS-NIBs) on the other hand, research is still at a
considerably earlier stage where great progress is still made in the mere discovery of new and
promising materials. Interestingly, highly conductive Na-ion electrolytes have been discovered
significantly earlier than respective Li-ion conductors. The stellar material in the domain of
solid state Na-ion electrolytes was already discovered in the 1930s:°¢! g- or p”-alumina
(NaAl11017). Its high conductivity was described much later in 1967.°71 As a single crystalline
material, its conductivity amounts to 0.035 S/cm at r.t. As a polycrystalline, however, the over-
all conductivity with 0.0012 S/cm at r.t. is much lower due to large grain boundary resistivities
but upon heating, the Na-ion conductivity rises to roughly 0.25 S/cm at 300 °C. [#8-100 Only at
this elevated temperature, the material is conductive enough to allow for the operation of two
interesting battery concepts that have already been commercialized: the sodium-sulfur battery
and the ZEBRA battery both boasting liquid sodium as the anode material. This is separated
from liquid sulfur or NiCl> as cathode material, respectively, by a thin layer of the "-alumina
ceramic. The firstly devised sodium-sulfur battery was pioneered already in the late 1960s by
the Ford Motor Company.!*% In the following years, this concept was further developed and
experimental applications were intensively tested. Unfortunately, a considerable breakthrough
was never achieved in the field of electro-mobility. However, since 2002, the system is manu-
factured commercially by the Japan-based company NGK Insulators Ltd. and used for grid-

scale energy storage.*%?!
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2.2.2 The All-Solid-State Li-lon Battery (ASS-LIB)

Whether or not ASS-LIBs will finally reach the state of commercialization is very much
contingent on whether the hitherto most urgent problems on the materials and interfaces level

will be solved in the upcoming years:

1. Simple and cheap large-scale synthesis of SEs.[103.104]

2. Development of stable and cost-effective coating layers for the cathode materials
mitigating interfacial decomposition reactions between cathode material and SE
due to the low thermodynamic stability of the SE.[105106]

3. Morphological fine-tuning of the SE and thus the cathode composites in order to
enable effective properties for both electronic and ionic transport.[293:107]

4. ldentification of well-suited binders for efficient slurry casting of both SE and
cathode composite film without hampering the electrochemical properties.[*06-108l

5. Development of effective strategies for the safe and dendrite-free implementation
of elementary Li anodes.[*0%:110]

6. Eliminating the current necessity of utilizing high pressures for long-term cycling
of ASSBs.[111.112]

2.2.2.1 The Solid Electrolyte (SE)

The SE is the critical component that differentiates the ASS-LIB from the currently em-
ployed LE-LIBs. It is thus inarguably the most important component of an ASS-LIB. Today,
mainly three different classes of SE exist: polymer-, oxide- and sulfide-based ones, the latter
two of which can be crystalline, glassy or glass-ceramic in nature. Furthermore, composites of
the three classes exist, being mostly composed of both oxides and polymers.[**3l Polymer-based
SEs are very ductile enabling good contacting of the active materials. Their major disadvantage,
however, are their hitherto low conductivities making them operable only at elevated tempera-
tures.??2l Oxide-based SEs, on the other hand, can exhibit suitable ionic conductivities surpas-
sing the commonly stated threshold value for high power density batteries: 102 S/cm. They are
also relatively stable at high potentials. Unfortunately, though, they have considerable down-
sides too. They generally show large grain boundary resistances necessitating high sintering
temperatures. In addition, due to their high shear modulus and brittleness, creation of effectively
packed cathode composites and mechanically stable separator layers, respectively, are almost
impossible to achieve. Lastly, sulfide-based SEs offer high conductivities of over 10~ S/cm as

in the case of LGPS and LigPSsCl linked to a low shear modulus facilitating dense packing of

21



CAM and SE inside the composite cathode. Especially LisPSsCl has evolved in the last 2—-3
years as the stellar material. It complements its suitable conductivity with a good compatibility
(kinetic stability) toward elementary Li and a low price due to the absence of any expensive
starting materials as for example Ge as in the case of LGPS.

The most widely applied synthesis methods for SEs on the laboratory scale are either
mechanical ball-milling (mechanical alloying) or high-temperature (HT) syntheses carried out

in a quartz glass ampule or a combination of the two techniques (Figure 12).
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Figure 12: Schematic diagram illustrating the different synthesis protocols for the preparation of sulfide-based SE
materials. Left: mechanical milling, middle: solution-based synthesis, right: suspension-based synthesis. Subse-
quent heat treatment for obtaining the final product is mandatory for solvent-based syntheses but optional for the
ball milling procedure. Inspired by reference [114].

However, mechanical ball-milling is a process that is very difficult to scale up as many

parameters have to be adjusted and optimized, whereas HT syntheses require a lot of energy in
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form of heat. Therefore, a lot of effort has been invested in the development of synthesis strat-
egies for SEs involving solvents — be it solution- or suspension-based ones (Figure 12) — which
promise to improve scalability and cost-effectiveness.[103104]

One of the very first examples arousing a great interest was the discovery of S-LisPSs (/-
LPS) derived from a solvent-mediated synthesis in THF exhibiting an unexpectedly high ionic
conductivity as mentioned in section 2.2.1. The synthesis proceeds via the suspension route
illustrated on the right hand side in Figure 12. Li>S and P»Ss are added to THF as solvent
forming the THF-adduct LisPS4-3THF.®®1 Subsequent heat treatment at 140 °C yields S-LPS
showing an ionic conductivity of more than 104 S/cm. When derived from a classical solid
state synthesis (denoted bulk LisPSs in Figure 13) , however, the conductivity — when extrap-
olating its Arrhenius plot to r.t. — amounts to a value of only approximately 107 S/cm. This

value is similarly low as the value reported for »~LisPS4 which is the stable modification at r.t.
(Figure 13).19:119]
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Figure 13: Arrhenius plots of conductivities of a) nano-sized S-LPS, b) high-temperature (HT) S-LPS (extrapo-

lated to r.t., denoted bulk LisPS4) and ¢) y-LisPSa, taken from references [95,115]. Copyright© 2013, with permis-
sion from the American Chemical Society.

The high temperature S-modification of LisPSs had previously been known to be stable only
above 195 °C.[®5118] When synthesized from THF, though, S-LPS becomes metastable at RT.
Along with the higher conductivity comes a peculiar mesoporous structure brought about by

the evaporation of THF during heat treatment. The violent release of THF breaks the initially
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pm-sized and rod-shaped single crystals of LisPS4-3THF and — upon conservation of their for-
mer crystal habitus — transforms them into a skeleton of nanoparticles highly pervaded by mes-
opores. This is a very unique feature differentiating it from any other SE known today synthe-
sized either from ball-milling or high temperature solid state reactions. Those electrolytes con-
sist invariably of large secondary particles whose primary particles are much more densely
packed.[7117.118 The consequences of the peculiar morphology of 4-LPS are the subject of the
publication discussed in section 3.4.

Many other solvents as for instance acetonitrile or ethyl acetate have subsequently been
found to enable the same reaction leading to comparable conductivities of the obtained S-LPS
phases.[11°12% Nevertheless, it should be noted that — using the same stoichiometry — conduc-
tivities of solution-derived SE products do not necessarily emulate or even surpass those of
ball-milling-derived ones. In the case of LisPSa, the amorphous state brings about a conductivity
of roughly 2.0-10* S/cm, which is similarly high as the conductivity reported for solvent-de-
rived S-LPS.%521 Owing to its straightforward synthesis, A-LPS is a well-established SE in
basic ASS-LIB research today.[**! Its conductivity of slightly more than 10 S/cm is not
enough for high-power-density applications such as EVs but for less demanding applications,
it might still play a future role. Other SE systems have equally been explored in solvent-based
syntheses: mainly LizPsS11 and LigPSsC1.11221231 \Whereas the synthesis of LizP3S11 proceeds
equally via the suspension route, LisPSsCl is prepared as a solution in ethanol if preformed
LisPS4 is used as precursor. In both cases, the sheer removal of solvent does not suffice. The
SEs have to be heated to 270 and 550 °C, respectively, in order to reach their typically high
conductivities of more than 10~2 S/cm. This subsequent treatment generally leads to rather large
particles and particle agglomerates, respectively, which has considerable downsides when it
comes to interfacial properties with cathode materials.™°" It is also important to note that EtOH-
derived LisPSsClI reproducibly shows a small share of LisPO4 as by-phase slightly lowering the
ionic conductivity compared to LisPSsCl obtained without any involvement of EtOH.[124125]

Usage of solvents is, of course, a source of additional cost. Nevertheless, replacing any
complex ball milling steps during the course of the synthesis might be worth the extra cost.
Chemical interactions of solvents with precursors or intermediates opens up completely new
possibilities of reaction control. Ultimately, with more in-depth understanding of the underlying
reaction mechanisms, fine-tuning of, for instance, reaction pathways, the local structure and the
morphology of SEs might become possible.['% Furthermore, if the solvent can be recycled and
the different steps toward the final SE product are combined, synergies might arise that render

the solvent-mediated synthesis the pathway of choice for SEs. A novel and innovative strategy
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to this end is presented in section 3.3. Moreover, the solvent might not be the most expensive
expenditure for a SE manufacturer. In fact, Li»S, the most crucial component for the synthesis
of Li-ion SEs, is much more costly as will likewise be shown in section 3.3.

2.2.2.2 The Interfacial Challenge — The Cathode

Although being the most promising enabler for ASSBs, sulfide-based SEs have signifi-
cant shortcomings, too. Their stability range is generally very limited.[*?6127] Reactions occur

both in contact with the anode as well as in contact with the cathode material (Figure 14).
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Figure 14: Schematic diagram illustrating the electrochemical (stability) window and the Li chemical potential
profile (black dotted line) in an ASS-LIB. The profile of the chemical potential should be seen as schematic and
may not be linear in a real world example. The high p; in the anode (light grey) and low uyi in the cathode (blue)
are beyond the stability window of the SE (yellow). The interphases (dark grey and green) account for the gap of
uwi between SE and the electrodes across the interfaces, respectively. The observed intrinsic (nominal) electro-
chemical window is considerably smaller than the extended one owing to the passivating character of the inter-
phases/coatings on both electrode sides. Adapted according to reference [128].

Sulfide ions can easily be oxidized forming polysulfides and finally even possibly ele-
mental sulfur when exposed to delithiated cathode materials. Hence, (electro)chemical stability
becomes a decisive criterion for their utilization and the operation of LIBs (SIBs). In order to
mend the instability of thiophosphates towards the oxidized TMOs in the charged state, specific
coatings are utilized. These coatings are applied as very thin films in the range of only several
nm acting as Li-ion conducting buffer layers that prevent direct contact between cathode and
electrolyte material and thus a degradation reaction by the highly oxidative character of the
TMO in the delithiated state.l*?®13% A whole set of materials has already been explored that
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show the desired effect, inter alia LiNbOs, LiTaOgz, solid solutions thereof: LiNbxTa1xOs,
LisTisO12, Zr0,.[*31-1%1 Until now, not much is known about the way these materials work their
magic. Investigations are rather difficult due to the thin nature of the coatings and the rather
low statistical significance when examined by means of transmission electron microscopy
(TEM) probing only small segments of individual particles. Phenomenologically, however, it
has undoubtedly been proven that the overpotentials upon cycling are considerably lowered and
long-term cycling improved. Therefore, in the study presented in section 3.4, one of the above-
mentioned materials — LiNbO3z — was employed in order to enhance the cycling performance of
the constructed ASS-LIBs.

Another serious issue to tackle is the generally insufficient contact area between SE and
cathode active material (CAM). A liquid electrolyte (LE) — despite its usually rather high vis-
cosity — is still able to penetrate almost every void in both the porous anode and cathode of a
LE-based LIB leading to a high coverage of the theoretic surface area of the active materials.
The SE inside a ASSB, on the other hand, is very much limited when it comes to its homogenous
distribution inside the composite cathode. It could be shown that the reduction of the particles
size of the CAM has a positive impact on the practical capacities reached with regard to the
theoretically expected values.!*3! Laboratory-scale mixing of CAM and SE involves in the sim-
plest case only thorough mixing inside an agate mortar.[**¢131 However, manual grinding does
not necessarily lead to efficient mixing if large electrolyte particles are used. A closer look on
the effects of the particle size of the electrolyte on the battery performance is taken in section

3.4Fehler! Verweisquelle konnte nicht gefunden werden.

2.2.2.3 The Interfacial Challenge — The Anode

The ASSB as a concept promises to increase the available energy density and power den-
sity — both volumetric and gravimetric. However, this will only hold true if elementary lithium
will be implemented (Figure 15), which possesses a very high theoretical capacity of
3860 mAh/g.1*%1 Therefore, research on ASSB is inextricably linked to the facilitation of Li as
anode material, but elementary Li is not an easily-employed anode material. Lithium has the
lowest redox potential of all elements, and thus easily reduces almost any SE. Indeed, some
oxide-based SEs exist such as garnets that are stable in contact with elementary lithium.!*3% In
the realm of sulfide-based SEs, however, no electrolyte is thermodynamically stable against Li
(Figure 14). The positively charged phosphorous atoms in thiophosphates can readily be re-

duced in contact with Li metal, forming LisP.[*%141 |n the worst case, the SE contains transition
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metals or metalloids that form intermetallic alloys upon their reduction by Li, rendering the
composite formed by the decomposition products partially electronically conductive. Thus,
nothing stands in the way of a further reduction of the SE.[*2244] For the long-term stability of
a Li|SE interface, a situation like the one found for the LiCs|LE interface in LE cells has to be
created, where a passivating SEI is formed (cf. Figure 3 and section 2.1.1). Be it beforehand or
during the initial cycles: an electronically insulating, but ionically conducting, interlayer has to
be formed to passivate the anode from further decomposition reactions. Metal-/metalloid-free
SEs, like for instance S-LPS or LisPSsCl, have been reported to be unexpectedly stable in con-
tact with elementary Li due to the formation of passivating interphases.[*?”1 Another possibility
to facilitate chemical compatibility is an artificial buffer layer as for the cathode material. To
this end, Li-ion conducting polymers are intensively tested.[24°]

Electrochemical stability of the interface is not the only issue stemming from an Li anode.
Li is an extremely soft and malleable material and the high pressures generally necessary for
the compaction of an ASSBI'®! can easily lead to Li flowing through the pore space inside the
SE separator and thus short-circuiting the battery.[*4] Intuitively, one might think that due to
the more rigid nature of SEs, Li dendrites could not penetrate the separator as easily as in the
case of a LE. Extensive evidence, though, has been presented in the past decade disproving this
theory.l*% Lithium can penetrate the SE both mechanically and electrochemically, the latter of
which through plating and stripping. Plated lithium can even lead to fracture of oxide-based SE

grains despite their great hardness and Young’s modulus.[!4®l
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Figure 15: Typical battery architectures for conventional LE-based LI1Bs (middle), ASS-LIBs based on a graphite-
SE composite as anode (right), or Li metal as anode (left). The volumetric and gravimetric energy densities are
represented by Wy and Wgry, respectively. Only with a lithium-metal anode (light yellow) that has a theoretical
energy density of 3,700 mA g* a significant gain in energy density can be achieved. Changes in energy density
are estimated based on the density increase from liquid to solid, taking into account the high specific capacity of
lithium metal (left, LiM-SSB) and complete replacement of the graphite and the anolyte (electrolyte utilized in the
anode compartment), taken from reference [22]. Copyright© 2016, with permission from Springer Nature.
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2.2.2.4 Scale-Up of All-Solid-State Li-lon Batteries

Research on ASS-LIBs started out by investigating dry-pressed pellet cells. In this setup,
the batteries are assembled by merely pressing the different sheets of a battery: cathode com-
positelelectrolyte|anode (composite). Sulfide-based SEs might be less brittle than oxide-based
ones; however, their eventual commercialization will not be possible without mechanically sta-
bilizing the respective layers of an ASS-LIB stack. Otherwise, development of ASS-LIBs will
not evolve from the laboratory stage where predominantly dry-pressed pellet cells are con-
structed for the sake of materials’ testing. Polymeric binders are already used in today’s LE-
LIBs for exactly the same purpose as one out of three main components: the CAM, a conductive
additive (usually soot), and the binder. They enable roll-to-roll processing and thus a quick and
cost-competitive manufacturing.[***! A similar strategy can be devised for ASS-LIBs, too lead-
ing to so-called sheet-type ASS-LIBs (ST-ASS-LIBS).

However, extremely polar solvents like N-methyl-2-pyrrolidone — extensively used in the
slurry casting of cathodes for LE-LIBs — cannot be transferred to the manufacturing of cathodes
for ASSBs involving sulfide-based SEs, as they are very prone to decomposition when brought
into contact with highly polar solvents.*> Hence, completely different combinations of sol-
vents and binders have to be found. Polymers like (hydrogenated) nitrile butadiene rubber —
(H)-NBR, polyisobutene (PIB) or styrene-butadiene-styrene copolymer (SES) have been tested
most intensively. Solvents used are mostly simply functionalized benzene derivatives as toluene,
p-Xylene or anisole which do not show any negative side reactions with the sulfide-based SEs

due to their low polarity.4%-15%]
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Figure 16: Two fundamentally different preparation procedures of ASS-LIBs. A: Typical laboratory scale ASS-
LIB preparation via dry pressing of the respective powders. B: Possibly future large-scale manufacturing of ASS-
LIBs via roll-to-roll processing — considering a composite anode instead of elementary Li using for instance the
zero strain material LisTisO1,.[*%571 An electrode slurry is coated on the current collector, then dried and subse-
quently the SE slurry is casted on top of it. The resulting double-layer sheets - together with the complementary
anode (not depicted here) — are cut and laminated together to manufacture the all-solid state batteries. Note: Using
elementary Li as anode material the process would be different. Adapted from reference [158]. Copyright© 20186,
with permission from Springer Nature.
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A typical procedure for the preparation of a composite cathode film on the laboratory
scale is depicted in Figure 17. Firstly, the polymer is dissolved in the respective solvent giving
rise to a viscous polymer solution. Afterwards, premixed SE and CAM are added to the solution
inside a mortar and thoroughly suspended therein. Then, by means of doctor-blading, the re-
sulting slurry is casted onto a substrate, usually either aluminum or a polyester foil, dried and
then calendared between a hot rolling press. Afterwards, suitable pieces can be punched out.

This approach was used in the publication discussed in section 3.4.
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Figure 17: Strategy for the lab-scale manufacturing of a cathode composite sheet.

2.2.3 The All-Solid-State Na-lon Battery (ASS-SIB)

The working principle of a SIB, be it a LE-based or ASS-SIB, corresponds exactly to the
way a respective LIB works as schematically introduced in section 2.1.1. Research on SIBs is
largely inspired by the known similarities between the chemistries of Li and Na. Cathode ma-
terials for SIBs are predominantly either TM layered oxides according to the general formula
AMO; (M = Cr, Mn, Fe, Co, Ni and mixtures thereof),[*5%-16 |ike for LIBs or fluorophosphates,
particularly some compounds that contain vanadium.!*64 On the anode side, a very fundamental
difference exists towards LIBs: graphite cannot be utilized as anode material as it is unable to
accommodate Na in a large extent due to very weak Na—C interactions. Only low sodiation
states of roughly NaCss can be obtained, which are insufficient in order to reach reasonable
energy densities.['651%1 |nstead, highly disordered pyrolytic carbon is most often used. It is

characterized by a very large number of defects, facilitating capacities of up to 300 mAh/g
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which comes close to the ones observed for LiCe.[%7181 Liquid electrolytes employed are gen-
erally the same ones as for LIBs: organic carbonates with conducting salts, such as NaPFs or
the like, but with differences regarding the ideal mixtures of organic carbonates for stable SEIs
that enable long-term cycling.[*64

Due to the very favorable characteristics of LIBs that led to the progressive replacement
of many former battery technologies (Figure 2), renewed interest for SIBs developed only quite
recently. Simultaneous with the renewed attention for ASS-LIBs around 2010, research on
ASS-SIBs picked up pace, too (Figure 18). The underlying motivation is mainly governed by
the idea that the available, exploitable resources of Li are not sufficient to meet the future de-
mand for electric gadgets, EVs, as well as intermediate grid energy storage.[***) However, due
to enormous and largely successful efforts exploring new lithium deposits, this can be debated.
More critically, instead, seems the conflict-ridden procurement of sufficient cobalt for the state-
of-the-art cathode materials in LIBs. Nevertheless, bearing in mind that the content of cobalt in
NMC is constantly decreasing, this problem constantly diminishes. Thus, a serious bottleneck
for the manufacturing of ASS-LIBs in terms of precursor supply is not expected. In the end, the
major advantage of potential ASS-SIBs would be their lower price. Because not only is sodium
much more abundant in the earth’s crust but also offers the opportunity to manufacture cathode

materials constituting more available TMs: for instance Mn and Fe or V.[170-172]

1800
- I Li* Solid Electrolyte

1600 Il \a" Solid Electrolyte

1400 —

—_—

N

o

o
|

1000 +

800

600

400

Number of publications

200 -

0 L] l L} I
1970 1980 1990 2000 2010 2020
Year

Figure 18: Overview of the number of publications per year from 1970 until 2020 when searching for either “Li
solid electrolyte” or “Na solid electrolyte” in the Web of Science database, date accessed: 31th July 2020.
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Moreover, these TMs are much more environmentally benign. These advantages could
prompt the usage of ASS-SIBs as stationary energy storage systems for the grid where overly
high energy densities are not of paramount importance, but rather a low price, longevity and
safety. Concerning the latter, with elementary Na having a lower melting temperature and being
even more malleable than Li, the implementation of an Na anode could be even harder to master.
However, until now, this is only speculation and will be shown in upcoming years. Regardless
of the possible downsides, the sheer abundance of Na and the high similarity with Li make it
an interesting research topic worth exploring.

Just as for ASS-LIBs, the SE is the most crucial and basic component of an ASS-SIB.
Similarly to ASS-LIBs, possible SEs for ASS-SIBs can be categorized into the very same
groups (section 2.2.2.1): polymer-, oxide-, and sulfide-based ones with their advantages and
disadvantages being virtually the same.[!”®l Research in SEs for ASS-SIBs has largely been
governed by the successes that had previously been achieved for Li-ion SEs. Shortly after the
discovery of LGPS in 2011 arousing renewed interest in ASS-LIBs, an important discovery for
the field of sulfide-based Na-ion SEs was made. The group of Tatsumisago reported the hitherto
unknown cubic modification of NasPS4 (c-NasPS4).1™ Tetragonal NasPSs (t-NasPSs) had pre-
viously been described, however, it exhibited only a comparably low conductivity of less than
107 S/cm.[*®] The new compound was prepared by means of ball-milling, resulting in a glass-
ceramic compound. It exhibited a conductivity of more than 10~* mS/cm, which rendered it the
record holder for sulfide-based Na-ion SEs until then. Further improvements by means of iso-
valent substitution of either the pnictogen or the chalcogen led to Na3SbSs and NazPSes, both
showing conductivities surpassing the common threshold value of 103 S/cm: 3-102 and 1.2-10"
3 S/cm, respectively.[*"81771 Replacing P with Sb brought about the additional advantage of an
increased stability towards oxygen and water, which enabled the processing of water-soluble
NasShSa4 in aqueous solutions.

Building upon those findings for ternary sulfide-based Na-ion SEs, researchers tried to
predict the Na-ion analogue of LGPS and both its lighter and heavier tetrel analogues:
Na10GeP2S12, Na1oSiP2S12 and NaioSnP2S12.[1781791 Synthesis attempts on NaioSnP2S:2 indeed
resulted in the evolution of a new compound that could be observed in the PXRD pattern, yet
with considerable fractions of the starting materials Na>S and P»Ss as by-phases. This prompted
my research on these quaternary sulfide-based Na-ion conductors, the results of which are
shared in sections 3.1 and 3.2. Further work has been published subsequently by other groups
and will be included in further discussion in both the summary and the outlook sections 4 and
0.
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3 Cumulative Section

The cumulative section of this dissertation, as the scientific body of this document, com-
prises only those publications listed in the preface, to which | contributed as main researcher
(see the list below). Every article is summarized with its key results. The own share in the shown
works is declared. The intellectual property rights belong to the respective journal. However,
permissions have been granted for all publications contained. All figures and tables shown in
the following have been left unchanged from the original version unless otherwise stated. A
complete copy of the original publications together with a preceding license agreement, respec-

tively, can be found in the appendix at the very end of this document.
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3.1 Vacancy-Controlled Na-lon Superion Conduction in

Na11Sn2PSi12

[1]
Marc Duchardt, Uwe Ruschewitz, Stefan Adams, Stefanie Dehnen, Bernhard Roling
Angewandte Chemie Internation Edition 2018, 57, 1350-1355.

In this publication, the new Na-ion conductor Na11Sn2PS12, with a hitherto unprecedented
structure motif, was reported with the highest conductivity (3 mS/cm) of sulfide-based Na-ion
conductors until then. Inspired by the highly conductive LiioTtP2S12 with Tt = Ge, Sn,[#4118.180]
first theoretical publications*’®" had earlier suggested that the analogous quaternary sodium
compounds “NaigTtP2S12” (Tt = Ge, Sn) would also be thermodynamically stable. However,
the experimental synthesis of “Na10SnP2S1,” had already proven difficult.'"® Beside a whole
new set of unassignable peaks, the powder diffraction pattern showed large amounts of NasPS4
and the binary starting materials Li.S and P»Ss. This led to the assumption that the actual com-
position of a quaternary Na-Sn-P-S compound could deviate with a higher content of Sn than
anticipated. Therefore, a study was designed to systematically vary the ratio of the formally
ternary constituents NasSnS4 and NasPSs in order to examine the exact stoichiometry of the

targeted Na-Sn-P-S compound (Figure 19).
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Figure 19: Normalized, stacked powder X-ray diffraction (PXRD) patterns of the solid phases summarized as
NaioxSn1+xP2xS12 (X = 0, 0.2, 0.5, 0.8, 1), which are actually mixtures of 0.5+0.5x Nai11Sn,PS;, with 1.5-1.5x
NasPS4. The lowermost diagram represents, for comparison, a simulated pattern of tetragonal NasPS,.[7
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Previously prepared ternary precursors NasPSs and NasSnS4 were used instead of the respective
binary reagents in order to limit the by-phases to NasPSs4, and thus facilitate the quantification
of by-phase vs. targeted phase. This led to the discovery of Na11Sn2PSi> as the actual composi-
tion of the quaternary Na-Sn-P-S compound. Consequently, the ratio of P:Sn is exactly the
opposite of the one found for the quaternary Li-ion conductors LiioTtP2S12 with Tt = Ge, Sn.
The PXRD signature of Na11Sn2PS12 (NaSnPS) did not suggest any close relation between
the newly found structural motif and the one of Li1oSnP2S12, but the structure is similar to the
one of tetragonal NasPS4 (Figure 20b). Unfortunately, all endeavors at obtaining single crystals
of the compound failed. Therefore, an attempt was made to solve the structure from high-reso-
lution synchrotron powder diffraction data. This, in fact, proved successful, establishing the

first structural model of NaSnPS in the tetragonal space group 141/acd.
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Figure 20. Structural and impedance data of Na1:Sn,PS:» in comparison to NasPSs. a) Illlustration of Na---Na
interatomic contacts in the crystal structure of Nai1Sn,PSi,. Large green spheres mark unoccupied vacancies in
the NbO-type structure formed by the Na-ion cations (for details, see text). b) Illustration of Na---Na interatomic
contacts in the crystal structure of NasPS4 for comparison (shown here as 2x1x1 supercell for easier comparison).?’
[PS4]* tetrahedra are drawn in dark purple and all Na-ion cations in blue. ¢) Nyquist impedance plots of
Na11Sn,PSi, after annealing together with the equivalent circuit utilized for fitting the spectra. The different con-
tributions to the total impedance, obtained from the fits, are highlighted in different colors. d) Arrhenius plot of
the grain and total conductivity of Na;1Sn,PS1», obtained from the mean values of three measurements on annealed
Nai1Sn2PSs, pellets; for comparison, conductivity data of tetragonal NasPS, is included.[*® ¢) magnified view of
the Arrhenius plot of the grain conductivity of Na11Sn,PS1» with error bars indicating the standard deviation of the
mean values.
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The structure is significantly more complex than the one of the lithium counterparts. Eight
formula units make up the unit cell (Z = 8), in contrast to only 2 in the case of LGPS. The five
main Na sites of NaSnPS (Nal-Nab5, Figure 20) are each surrounded by four other Na atoms
in a nearly square-planar fashion, which gives rise to Na-ion channels along all three crystallo-
graphic axes. The structure can be seen as a deficient NaCl-type structure, with ¥4 of its sites
being vacancies — and of those vacancies, % are filled with either [SnS4]4- or [PS4]3- tetrahedra.
The remaining vacancies (¥4 of ¥ of the positions in the pseudo NaCl-type structure amounting
to a total of 8, indicated as green spheres in Figure 20a) are partially occupied by Na ions.
Therefore, the overall number of crystallographic Na positions equals six. Apart from its special
location inside the crystal structure, Na6 is furthermore only occupied to a very low extent of
roughly 20%. This leads to the question of whether or not this peculiar position Na6 signifi-
cantly contributes to the long-range overall conductivity of NaSnPS by interconnecting differ-
ent pathways. More light on this question will be shed in the subsequent publication (see section
3.2).

The impedance spectrum of phase-pure NaSnPS shows two processes (Figure 20c):
mainly the grain contribution and a rather negligible grain boundary contribution. The grain
conductivity of NaSnPS amounts to 3.7 mS/cm (Figure 20d and €), which was the highest
conductivity measured for a sulfide-based Na-ion conductor until the date of publication. >*Na-
NMR measurements showed only one signal. This corroborates that all Na ions take part in the
conduction mechanism, proving it truly 3D. Strikingly, however, the activation energy Ea of
NaSnPS was unexpectedly high: 0.39 eV compared to 0.24 eV reported for the lithium coun-
terpart Li1oSnP2S12. The reason for this behavior might be found in the peculiar Na position
Na6. Backed up by bond-valence simulations, the low occupation factor suggests the potential
energy of this position to be by a few ks T higher than the potential energy of the other positions.
Consequently, the involvement of Na6 leads to an overall higher Ea. Concomitantly, conceiving
this vacancy position to be similar to typical Frenkel defects, the entropy of activation should
also be larger giving rise to the untypically large preexponential factor compensating the high
Ea.

Even though the chemical stability of NaSnPS toward Li is equally low as for Li1oTtP2S12
(Tt = Ge, Sn), the compound represents a promising electrolyte which — if used with pro-

tected/coated electrodes — could enable r.t. high-power-density Na-ion ASSBs.
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As research on solid electrolytes and ASSBs, be it Na-ion-based or Li-ion-based ones, is
a fast-paced field, simultaneous research efforts on similar subjects and topics in different re-
search groups are quite likely. Indeed, the results shared in this article were published simulta-
neously by the group of Linda Nazar, and a littler later also by the Wang group.[*8-:182 Although
the reported models of the crystal structure and the measured conductivities were quite similar,
different results were obtained with respect to the role, which the peculiar Na6 atom plays in

the conduction mechanism.

Own Share of work

| conceived the laboratory PXRD and impedance experiments and discussed their outcome with
Stefanie Dehnen and Bernhard Roling. Apart from the synchrotron PXRD measurement and
the bond valence simulations, | carried out all other experiments. Uwe Ruschewitz performed
the synchrotron P-XRD measurement during beam time of his co-worker Melanie Werker, and
he came up subsequently with the structural model of Na11Sn2PS12. Stefan Adams carried out
the bond valence simulations and designed the respective figures. | wrote the first draft of the
manuscript. In the following, Stefanie Dehnen, Bernhard Roling and | further elaborated on it.
All authors contributed to the final version. It should be noted that the essentially phase-pure
synthesis of Na11Sn2PS12 and preliminary impedance results were already included in my Mas-
ter thesis.
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3.2 Superion Conductor Nai11.1Sn2.1Po9Se12: Lowering the
Activation Barrier of Na-ion Conduction in Quaternary
1-4-5-6 Electrolytes

(1]
Marc Duchardt, Sven Neuberger, Uwe Ruschewitz, Thorben Krauskopf, Wolfgang G.
Zeier, Jorn Schmedt auf der Glinne, Stefan Adams, Bernhard Roling, Stefanie Dehnen
Chemistry of Materials 2018, 30, 4134-4139.

An oftentimes observed trend for ionic conductors is that the softer the lattice, the lower
the activation energy Ea and thus the higher the ionic conductivity at r.t.[*8 The substitution of
selenium for sulfur had been discussed for LiioTtP.S12 with Tt = Si, Ge, Sn shortly after the
discovery of Li1oGeP2S12.1®31 However, a complete substitution was never accomplished ex-
perimentally, only minor subsitutions proved possible.l*8* Na* with its larger ionic radius, on
the other hand, might be able to stabilize a potential Na11Sn.PSe1.. Thus, following the previous
publication, it was attempted to transfer the newly found stoichiometry of Nai1Sn2PSi»
(NaSnPS) to the respective selenide: Nai1Sn2PSe1> (NaSnPSe).

After optimizing the temperature protocol (extremely slow cooling after the solid-state
reaction: 2 K/h), it was finally possible to obtain single crystals of both the previously published
NaSnPS and NaSnPSe. This allowed for a more in-depth analysis of their structural character-
istics compared to the previous publication, where the structural investigation was solely based
on powder X-ray data. Significant differences between both compounds were found. First,
strongly deviating occupational factors for the six crystallographic sodium positions Nal-Na6
were unveiled. Second, upon several synthesis attempts, the stoichiometry of NaSnPSe was
constantly deviating from the expected one, which proved to correspond to a sum formula of
Na11.1Sn2.1Po.9Ses2 instead of Nai11Sn2PSe1». Third, concomitantly to this variation of the Sn:P-
ratio, the compound exhibits a rotational disorder of the [PS4]*" tetrahedra (see Figure 21) in a
9:1 ratio. However, since the [PS4]* tetrahedra show exactly the same (P/Sn)-S bond lengths
— independent of their orientation — the occupational disorder appears to be completely inde-
pendent from the rotational one. The partial substitution of P by Sn at the P position should
formally lead to a P-containing by-phase. However, the amount is small, and the PXRD pattern

(Figure 21c) did not show any sign of a crystalline by-phase.
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Figure 21. Cut-off from the crystal structure of NaSnPSe, viewed along [001] (a) and [100] (b). Sn atoms and
[SnSe4]* tetrahedra are drawn in grey, P atoms and [PSe4]®" tetrahedra in orange, Se atoms in dark red, and Na-
ion cations in different shades of blue in order to differentiate between the six crystallographically distinct sites.
For a comprehensive visualization of the [PS4]* tetrahedra, both possible orientations are shown. Their superim-
position leads to the appearance as a cube. c: Rietveld refinement of a diffraction pattern collected at beamline
BL9 of the DELTA synchrotron radiation facility, Dortmund/Germany (A = 0.49594 A; T = 295 K). The refine-
ment residuals are given in the inset.

NaSnPSe exhibits a similar impedance behavior as NaSnPS exhibiting small grain boundary
contributions. The activation energy Ea of 0.30 eV is considerably lower than the one of
NaSnPS (0.39 eV), which is well in line with the value observed for similar systems, like
NasPSxSesx or NazsSbSxSes.x, and also for LisPSsX (X = Cl, Br).[*85-1881 However, the lowered
activation energy does not entail a higher r.t. ionic conductivity. NaSnPSe exhibits a slightly
lower conductivity compared to NaSnPS. This is surprising, as intuitively one would expect a
decrease in Ea to be accompanied by an increase in the r.t. conductivity. This indicates that a
softer lattice is not necessarily advantageous for a higher conductivity. A general explanation
is that — apart from lowering the activation energy — a broadening of the potential of the jump
oscillators also leads to an altered, thus lowered, attempt frequency overcompensating the gain
of a higher probability of successful jumps.[*¥ However, when explicitly comparing NaSnPS
and NaSnPSe, careful consideration should also be devoted to the occupational pattern of the

six Na positions. Both compounds exhibit a peculiar interstitial position i1, which, according to
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bond-valence-simulation (BVS) calculations, plays a crucial role in long-range ionic motion
(Figure 22): The 3D network of pathways in both compounds can be regarded as being com-
posed of two interpenetrating 3D networks comprising either Nal, Na4, Na5 and i1, or Na2,
Na3, Na6 and il. Position Na6 in the crystal structure can be regarded as a crossroads for both
subnetworks. In NaSnPSe, this position is, on the one hand, completely filled (no vacancies)
and, on the other hand, its potential energy is considerably reduced compared to NaSnPS. This
presumably engenders a reduced contribution of the higher energy Na2-Na6-Na3-il1 pathway
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Figure 22: Comparison of BVSE energy landscapes for the Na-ion motion in Nai1.1Sn21PoeSei12 (violet squares,
relaxed local structure model using PSe(3)4 positions) and Na11Sn,PSi, (orange circles — based on the single crystal
structure data in this work). Besides the generally somewhat lower migration barriers for the selenide, significant
differences include the higher site energy for the interstitial site i1 and the more regular local energy minimum
corresponding to Na(6), while the same region in the sulfide contains several extremely shallow local minima.

Through this study, an in-depth insight into the conduction mechanism at play in NaSnP(S/Se)
could be gained. Due to the lower activation energy, NaSnPSe is better suitable for low tem-
perature applications, and is also worth being considered for an application in batteries follow-

ing the concept of Na-Se batteries. 18192

Own Share of work

| synthesized the compounds and measured both the impedance data and the single crystal XRD
data. | solved and refined the crystal structures of both NaSnPS and NaSnPSe. The results were
discussed with Bernhard Roling and Stefanie Dehnen. Thorben Krauskopf and Wolfgang G.
Zeier contributed speed-of-sound measurements for both compounds. Uwe Ruschewitz ac-
quired a synchrotron PXRD of NaSnPSe at Delta synchrotron and performed the Rietveld re-
finement. Stefan Adams contributed BVS calculations for both NaSnPS and NaSnPSe. Sven
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Neuberger and Jorn Schmedt auf der Giinne carried out 2°Na-, ’Se-, *°Sn- and 3'P-NMR meas-
urements. | mainly wrote the manuscript in close consultation with Bernhard Roling and

Stefanie Dehnen, but all authors contributed to the final version.
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3.3 Flow-Oriented Synthesis of Li2S and LizsPS4-3THF:
Opening Up a Completely Solvent-Based Solid Electro-
lyte Value Chain

[
Marc Duchardt, Mirko Diels, Bernhard Roling, Stefanie Dehnen

ACS Applied Energy Materials 2020, 3, 6937—6945.

For a potential commercialization of ASSBs, not only the materials themselves are im-
portant, but also time and cost-effective ways to synthesize them. As part of the two previous
publications, the syntheses of SEs hitherto predominantly resort to classical solid-state synthe-
ses. However, in order to synthesize large amounts of SEs in a reproducible and scalable fashion,
it will be necessary to develop optimized methods to access those electrolytes in scale.

Naturally, the most important precursor for the synthesis of sulfide-based Li-ion SEs is
Li>S, but it is not an easily accessible chemical. Its conventional synthesis involves carbother-
mic reduction at temperatures around 1000 °C (Scheme 1 (1)) where Li>SOa4 — the precursor —
is liquid: Tm(Li2SO4) = 845 °C. Thus, the process is extremely energy-intensive and, further-
more, produces large amounts of CO>. In the laboratory, Li>S can be easily synthesized by
reacting Li with S in liquid ammonia (Schema 1 (2)); however, this process completely lacks
large-scale feasibility. Another alternative is the acid-base reaction of LioCO3 or LIOH with
inexpensive H2S (Scheme 1 (3)). Temperatures needed are lower compared to those applied in
the contemporary process (1), but still considerably higher than r.t. Another disadvantage of
this pathway is the high toxicity of H2S gas, which poses a serious safety hazard. Moreover, the
concomitant formation of LixSyO; species requires subsequent washing of the crude product,

which is very cumbersome.

Scheme 1: Reaction schemes (1) — (3) corresponding to the synthesis processes of Li.S detailed in the text.

1) LipSO,+2C ———> LiS+2CO0
() L2804 ~1000 °C 2 2

(2) 2Li+S — > Li,S
=34 °C

(3) LOH+2H,S ——» Li,S+2H,0
~300 °C
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Hence, in this paper, we showed an alternative strategy for the synthesis of Li>S with the aim
to develop a process that links the manufacture of Li.S with the subsequent formation of sulfide-
based SEs (Figure 23), which might become the major secondary product of Li>S upon the
potential commercialization of sulfide-based Li-ion ASSBs. Li, S, and naphthalene (NAP) are
mixed in THF as solvent. NAP functions as electron transfer agent. It is reduced by elementary
lithium to form the corresponding radical anion. Subsequently, the spare electron is transferred
to the respective sulfur species, reducing it down to S*. In order to reach a reasonable reaction
time, the reaction mixture is heated to 90 °C. Using 50 mol% NAP (with reference to the
amount of Li) the reaction time can be pushed below 8 h. Following the first step, according to

Figure 23, two slightly different approaches are conceivable.
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Figure 23: Schematic illustration of the two different preparation procedures of LizPSs-3THF starting out from
elementary lithium and sulfur, with the possibility to proceed by either synthesizing S-LPS (purple boxes), or
LisPSsCl (as example for the argyrodite-type LigPSsX series; X = Cl, Br, 1) in an ethanolic solution with Li»S and
LiCl (green box). Approach A: After the synthesis of Li,S, P,Ss is added to the same flask without any intermediate
work-up step. Approach B: After the synthesis of Li,S, the reaction mixture is centrifuged (or filtered). The super-
natant can be reused in a further Li,S synthesis batch, while the Li,S precipitate is reacted with P,Ss in fresh THF.

Firstly, one can use the resulting mixture of Li»S in THF plus the remaining NAP and directly
add P2Ss in order to synthesize LisPS4-3THF. Secondly, and slightly more sophisticatedly, one

can separate the solid fraction from the solution of NAP in THF. The solution, on the one hand,
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can be reutilized in another batch synthesis of Li.S. The solid fraction, on the other hand, is
mixed with fresh THF, after which P>Ss is added in order to synthesize LisPSa-3THF.

At first sight, the energy-intensive reduction of elementary lithium might not appear as a
sensible and competitive alternative to the strategies discussed in Scheme 1. However, all pro-
cesses in Scheme 1 suffer from tremendous disadvantages themselves, as they either resort to
cheap starting materials, but harsh and nonselective synthesis conditions ((1) and (3)), or they
draw on mild reaction conditions, yet utilizing very hazardous starting materials ((2)). Further-
more, none of the approaches mentioned is designed specifically for the subsequent fabrication
of SEs.

Drawing on comparably low purity (99%) elementary starting materials — which does not
lead to lower conductivities compared with syntheses from purer starting materials — the calcu-

lated prices seem very competitive (Table 1).

Table 1: Prices of relevant chemicals in order to roughly estimate the costs for the synthesis of Li.S via the sug-
gested approach (prices from https://www.sigmaaldrich.com, retrieved on June, 2" 2020, 16:15 pm).

Compound Purity / % |Quantity /g |Price/€ |Price/€/kg
LioS 99.98 50 652 13040

Li 99 100 195 1950

S 99 1000 127 127

P2Ss 99 100 27 265
Naphthalene 99 5000 125 25

THF (anhydrous) 99.9 11 157 157 €1
"Li2S" (2 Ligges + Sege) + THFanh. |~99 N.A. N.A. 1885

According to Table 1 — deliberately not considering the process costs, as they are almost
impossible to estimate — the specific raw material costs for the synthesis of Li.S based on the
approach revealed in this paper amount to 1885 €/kg being more than 5 times lower than the
specific costs for commercial Li>S. Minding the additional synergies that might arise from the
reutilization of the solvent, a further rise in profitability seems likely. Subsequently, independ-
ent of the synthesis pathway chosen (A or B), phase-pure LizPS4-3THF is obtained, which can
be converted to S-LPS or LigPSsCI.

Samples of S-LPS obtained from previous Li>S syntheses with different amounts of NAP
showed virtually no difference in their impedance behavior. Furthermore, the material allowed
for the construction of ASSBs with indium as anode and LiCoO> (coated with 1 wt% of LiNbO3)
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as cathode materials, which exhibited no disadvantage towards cells utilizing conventionally-
synthesized fS-LPS from commercial Li>S and P.Ss in THF (Figure 24).

Samples of highly topical LisPSsCl — hitherto being the most promising SE candidate
material for an eventual commercialization of ASSBs — could also be synthesized. Those sam-
ples contained considerable amounts of impurity phases like Li.S, LiCl and LisPO4 (Figure
25A) which had a rather small but non-negligible effect on their conductivity (Figure 25B and
C). However, their concentration and obstructive effects were well in line with those observed

in earlier studies on solvent-based syntheses of argyrodite materials of the general formula
LigPSsX (X = Cl, Br).[193.194]
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Figure 24: Comparison of voltage profiles (voltage E vs. specific capacity Qm) of first charge and discharge cycle
of ASSBs utilizing new-£-LPS synthesized according to approach A with 10 mol%(Li) of NAP (magenta curve),
in comparison with con-45-LPS (black curve).

Even though the reduction of Li* to elementary lithium is naturally very energy-intensive,
the proposed approach poses an interesting alternative to the commercial fabrication method
(Scheme 1 (1)) that is very energy-intensive itself and additionally produces large amounts of
COz. Combined with the subsequent synthesis of versatile LisPS4-3THF it represents the first
realization of a concept that combines the synthesis of Li>S with its most important secondary

product class: SEs. This linkage might act as a crucial factor for cutting down the costs of SE
synthesis down to a competitive level.
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Figure 25: A: PXRD diagram of LigPSsCl after sintering at 550 °C for 5 h. The diagram indicates the presence of
small amounts of the reactants, as well as traces of LisPQ4, which is similar to the observation made by Zhou et
al.l*1 Green filled circles: target compound LigPSsCl, blue asterisks: LiCl, lilac hollow circles: Li,S, brown plus
signs: LisPO4. B: Nyquist plot of LisPSsCl from measured at —60 °C (olive data points). Fit to the data: olive line.
The spectrum exhibits two R-CPE contributions, which are attributed to the grain, and a Maxwell-Wagner effect,
respectively, the latter of which is caused by the impurity phases of Li.S, LiCl and LisPOa. C: Arrhenius-plot of
the total conductivity of LisPSsCl. Olive line: linear fit of the data. As both semicircles in Fig. 4B are not clearly
separated, Fig. 4C only shows the total conductivity.
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| conceived the experiments and discussed their outcome with Stefanie Dehnen and Bernhard
Roling. I carried out the vast majority of experiments. Mirko Diels investigated the influence of
the amount of naphthalene on the reaction rate of the formation of Li.S. Furthermore, | super-
vised him conducting impedance measurements on S-LPS samples. | mainly wrote the manu-
script in close consultation with Stefanie Dehnen. All authors gave their consent to the final

version of the manuscript.
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3.4 Kinetic Limitations in Sheet-Type All-Solid-State Bat-
tery Cathodes

[IV]
Moritz Kroll,*] Marc Duchardt,[*] Sarah L. Karstens, Sabine Schlabach, Fabio Lange,
Janika Hochstrasser, Bernhard Roling and Ulrich Tallarek
Submitted to Advanced Energy Materials
[*1 These authors contributed equally to this work.

Despite the favorable plastic properties of sulfide-based solid electrolytes (S-based SES),
their mixing with CAM inside the cathode composite usually leads to a large fraction of imbed-
ded void space. These voids reduce the contact area between SE and CAM and increase the
tortuosity of the Li* transport within the SE component of the cathode composite. Therefore,
void space tends to increase both the charge transfer resistivity as well as the transport resistivity
of Li ions inside the cathode composite.

However, not much is known about how different S-based SEs influence the morphology
of cathode composites and thus the batteries’” performance. Therefore, in this paper, two model
cathodes are introduced, each based on NMC-85|05|10 as CAM with a small average particle
size of 3.5 um. The first contains S-LPS as SE (o = 0.2 mS/cm) and the second LisPS4-Lil (LPSI,
o = 0.8 mS/cm) which is synthesized by means of ball-milling.[**"! Whereas B-LPS has a pecu-
liar microporous morphology as has been described in the previous section 3.3 (cf. Figure 26a,
c), the latter shows the typical morphology of a conventionally synthesized S-based SE, being
composed of rather large junks (Figure 26b, d). Both model cathodes were manufactured in-
corporating polyisobutene as binder, according to the sheet-type (ST) strategy introduced in
section 2.2.2.4, in order to create an application-oriented perspective. Afterwards, they were
galvanostatically cycled and physically reconstructed using focused ion beam secondary elec-
tron microscopy (FIB-SEM) tomography. As can be seen from the complete reconstructions of
both samples in Figure 27, three phases (CAM, SE, and voids) could be well segmented. The
binder, however, could not be resolved, because it does not possess a distinct morphology but
rather builds a thin cover over available interfaces. Whereas the cathode based on f-LPS seems
to show virtually no void space at all (Figure 27a), the LPSI-based one (Figure 27b) exhibits
almost 10% void space (Table 2).
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Figure 27: Overview of the two reconstructed NCM cathodes with A: S-LPS and B: LPSI as solid electrolyte.

However, the S-LPS particles are rather pervaded by a vast network of mesopores, which,

unfortunately, cannot be resolved at the selected resolution of 40 nm, and hence exhibit a very
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high surface area.l?™ The binder is therefore likely to collect predominantly within the second-
ary S-LPS particles. Consequently, binder and S-LPS are perceived as a single phase, which
leads to a drastic overestimation of the SE volume fraction in the reconstruction (Table 2). This
reasoning is corroborated by the reduced mechanical stability and elasticity of the cathode film
based on S-LPS. The large fraction of polymer collecting inside the mesopores does not foster
the mechanical cohesion of the film, and thus does not fulfill its purpose in the first place. In
the case of dense LPSI, on the other hand, the binder is presumably rather distributed equally

over all interfaces between SE and CAM, enabling damage-free bending of the film.

Table 2: Comparison of the volume fractions between synthesis and reconstruction.

S-LPS LPSI
Synthesis Reconstruction Synthesis Reconstruction
Active material 46.3% 44.0% 49.3% 50.8%
Solid electrolyte ~ 46.3% 55.0% 42.7% 38.5%
Binder 7.3% - 8.0% -
\oids - 1.0% - 10.7%

The investigation of the CAM particle network showed that, in both batteries, only an insignif-
icant fraction of particles is not connected to a single network. A loss of capacity due to the
sheer isolation of CAM particles can thus be ruled out. The considerable pore space inside the
LPSI-based cathode, however, significantly increases the tortuosity of the Li-ion paths within
the SE phase. Figure 28 shows values for the effective diffusion coefficient Deft, which — nor-
malized by the bulk diffusion coefficient Dpuik Of the respective SE — corresponds to tortuosity
values t;;+ of 1.79 for S-LPS and 3.70 for LPSI, respectively hence differing by a factor of 2.
Due to the impossible differentiation between binder and SE, especially in the case of the f-
LPS-based cell, the real tortuosity is underestimated by these values. Nevertheless, it could be
shown that the overestimation of the volume fraction of the SE phase in the S-LPS cell causes
a downward shift of the tortuosity value by only ~0.1. Therefore, the distinct difference in tor-
tuosity between both cathodes is predominantly caused by the less favorable morphology of the
LPSI particles and thus the entire cathode.

Figure 29 depicts galvanostatic cycling curves of the two model ST cathodes at a C-rate
of 0.1 C, corresponding to a theoretical capacity of the CAM of 210 mAh/g. In order to facilitate
comparability, both batteries made use of two sheets of a LPSI-based separator film. It can be
seen that both model ST cells (solid lines) show a lower capacity compared to the reference
pellet-type (PT) cells (dashed lines), respectively, which do not incorporate any polymer. A
possible explanation could be the passivation of a certain fraction of CAM particles by the

49



polymer. However, the differences in overvoltage between ST and PT cells, respectively, is
much more pronounced. For the S-LPS-based cells, the overvoltage is virtually the same:
80 mV. As for the LPSI-based cells, on the other hand, a drop of overvoltage from 55 mV to
40 mV is observed when going from the ST-type cell to the PT-type cell. Obviously, for the -
LPS-based cells, the bottleneck is the lower ionic conductivity of the SE, whereas in the case
of LPSI as SE in the cathode, the ionic conductivity is high enough so that the charge transfer
at the interface becomes the decisive factor. It should also be noted that a large fraction of
polymer in the ST cell based on S-LPS collects inside the vast pore network, which in turn has

a lower impact on the charge transfer reaction.
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Figure 28: Evolution of transient diffusion coefficients D(t) in the reconstructed SEs normalized by the bulk dif-
fusivity Dm. Asymptotic (effective) values are reached at Desi/ D = 0.56 and 0.27 for S-LPS and LPSI, respectively.
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Figure 29: Initial voltage profiles of PT cells (dashed lines) and ST cells (solid lines) using either S-LPS or LPSI
as SE inside the cathode composite at a C-rate of 0.1 C.
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The better performance of the LPSI-based cell, despite their unfavorable morphology, shows
that the fourfold higher conductivity overcompensates the higher tortuosity lower and better
contact area between SE and CAM — even at a moderate C-rate of 0.1 C. This shows that the
ionic transport within the SE phase inside the composite cathode is indeed the limitation of a
better battery performance. Only if well-conducting SEs like LPSI are utilized, morphological
optimizations can unfold their full potential.

Own Share of work

| came up with the initial idea for the project. Moritz Kroll and | designed and planned the
experiments. | carried out the synthetic and analytical laboratory work and the battery testing.
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uted to the advancement of the project. In collaboration with Sabine Schlabach, Moritz Kroll
acquired the raw FIB-SEM data. In collaboration with Sarah Karstens, Moritz Kroll performed
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ried out the transport simulations. All results were discussed with Bernhard Roling and Ulrich
Tallarek. Moritz Kroll and | both wrote the manuscript in close consultation with Bernhard
Roling and Ulrich Tallarek. All authors gave their consent to its final version. Moritz Kroll and
Ulrich Tallarek took care of the submission process and the correspondence with the journal.
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4 Summary

Research during my PhD studies was shared between Na-ion and Li-ion solid-state ionics
and all-solid-state Li-ion batteries (ASS-LIBs). Both Na-ionand Li-ion solid-state ionics show
promise as underlying chemistries of energy storage technologies, which might play a signifi-
cant role in future efforts to store energy more efficiently and safely, however, with slightly
different scopes. ASS-LIBs will very likely be the key to introduce renewable energies to the
mass-market of lightweight electric vehicles. ASS-SIBs, being currently at a considerably ear-
lier stage of development, might eventually contribute to cheap grid-scale energy storage caus-
ing lower costs compared to ASS-LIBs.

In the first two publications included in this cumulative thesis (sections 3.1 and 3.2), |
investigated two new Na-ion solid electrolytes (SEs): Nai1SnoPSi2 (NaSnPS) and
Nai11.1Sn2.1Po.9Se1> (NaSnPSe). In the first paper (section 3.1), NaSnPS was reported, which
exhibited an unexpected stoichiometry of Nai11Sn2PS1.. This finding contradicted the previously
reported theoretical works, according to which a quaternary compound NaSnPS would possess
a stoichiometry of ‘Na1o0SnP2S12’, corresponding to the quaternary Li counterparts, e.g.,
Li10SnP2S12 or Li1oGeP2S12.24118.1781 |n addition, a hitherto unprecedented crystal structure was
found, considerably deviating from the one of Li1oSnP2S12. Even though both structures consti-
tute the same basic building blocks of alkali ions and unconnected [SnS4]* and [PS4]* tetrahe-
dra, they are very different, with the one of NaSnPS being larger (8 formula units per unit cell
instead of only 2) and more complex. Strikingly, the elemental ratio between Sn and P is also
inverse, being 2:1 for NaSnPS and 1:2 for the Li analogues. Its grain conductivity amounts to
a value of 3.7 mS/cm, making it, at the time, the fastest sulfide-based Na-ion conductor. Inter-
estingly, similar results on NaSnPS were published simultaneously by the group of Linda
Nazar.!*8!1 Sometime later, even a third article appeared on the subject.['82

The focus of the second paper (section 3.2) lies on the discovery of NaSnPSe, hence the
heavier analogue of NaSnPS. Whereas in the initial study, due to failed attempts at growing

single crystals, the crystal structure of NaSnPS had to be solved from powder X-ray data, in the
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subsequent study, single crystals from both NaSnPS and NaSnPSe were obtained. This enabled
a much closer look at the occupancies of the six different crystallographic Na positions that
make up the cationic lattice and thus the underlying conduction mechanism. The previously
developed idea that all Na positions take part in long-range ionic motion was corroborated, and
two interstitial positions (i1 and i2) were identified as playing a crucial role in creating the
necessary 3D pathways. NaSnPSe is the first example of a quaternary selenium-based alkali ion
conductor. Similar substitution of Se for S in the Li analogues proved impossible apart from
negligible partial substitutions.[*®4 In contrast to the widespread belief that a softer anionic lat-
tice necessarily leads to a higher ionic conductivity at r.t., NaSnPSe in fact exhibits a lower
grain conductivity at r.t. than NaSnPS with only 3 mS/cm. This underlines not only that the
activation energy of ionic motion has to be taken into account, which is indeed lower for
NaSnPSe, but also the attempt frequency, which is generally lower if the lattice is softer. Inter-
estingly, it was found that Na11.1Sn2.1Po.9Se1» repeatedly showed a composition slightly off from
the expected stoichiometry analogous to that of NaSnPS, which indicates the tendency of form-
ing solid solutions.

The initial outline of my PhD involved the construction of ASS-SIBs based on the self-
discovered SEs, such as NaSnPS. However, it later became apparent that appropriate cathode
active materials for the efficient construction of ASS-SIBs are still missing. Preliminary exper-
iments conducted by Marvin Cronau in his Master thesis with Na,Tis071*%! as anode material
and NazFe2(S04)2[*%! as cathode material were extremely disappointing. Both materials signif-
icantly underperformed regarding their capacity and cycling retention compared to the reported
properties described in the literature.[*%197-1%1 Through many iterations and preliminary cy-
cling tests in LE cells, the materials’ performance could only slightly be improved.[?®! Early
studies of ASS-LIBs between 1990 and 2010 could already resort to commercial LiCoO2, which
works well in ASS-LIBs. In the case of ASS-SIBs, however, where no commercial batteries
exist, yet, selection of functioning electrode materials is much more difficult. Indeed, reports
on ASS-SIB full cells are extremely limited.[**"1 Currently, the bottleneck for research on ASS-
SIBs is thus the lack of suitable electrode materials rather than Na-ion SEs.

In the field of Li-ion SEs, research is noticeably evolving from the sheer discovery of new
materials to sophisticated ways of producing them, finally enabling their cost-competitive large-
scale manufacturing. In the third report (section 3.3), an innovative synthesis strategy for the
preparation of sulfide-based SEs was presented. LisPS4-3THF is a readily available intermedi-
ate product that can be transformed into S-LPS or LisPSsCL[®5% It is generally obtained by

the wet-chemical synthesis of stoichiometric amounts of Li>S and P2Ss in anhydrous THF.
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However, while P,Ss is very cheap, Li2S, the feedstock chemical for all syntheses of sulfide-
based Li-ion SEs, is extremely expensive, because the common synthesis from Li>SO4 as pre-
cursor involves very high temperatures above 1000 °C. Therefore, in this work, a strategy was
conceived, which allows for the in-situ generation of Li>S from the elements. To this end, lith-
ium and sulfur are loaded into a flask together with THF as solvent and naphthalene (NAP) as
electron transfer agent. The radical anion (NAP-) then reduces the sulfur to SZ, finally resulting
in Li2S. If high loadings of NAP are used, the reaction proceeds quickly. This preceding step is
synergistically coupled to the subsequent formation of LizPSs-3THF upon the addition of P,Ss,
giving rise to a one-pot synthesis or flow-oriented synthesis of LisPSs-3THF. Even though ele-
mentary Li has to be used, which is, of course, a considerable energy toll, rough calculations
show the approach to be promising from a cost perspective. S-LPS or LigPSsCl generated from
LisPS4-3THF show their typical characteristics without any deterioration due to residual traces
of NAP, which proves the practical applicability of the suggested strategy.

In addition to the identification of promising SEs (especially regarding their ionic con-
ductivity, electrochemical stability and plastic properties) and their efficient synthesis, a simi-
larly important goal is the optimal adjustment of the SE’s morphology. In the fourth publication
(section 3.4), morphological aspects of ASS-LIBs were therefore investigated and correlated
with their electrochemical performance. Two model cells were constructed that were based on
the so-called sheet-type ASSB concept and incorporated state-of-the-art NMC-85|05|10 as
CAM and either f-LPS or LPSI as SE. It could be demonstrated that S-LPS with its peculiar,
microporous morphology enables a much more favorable cathode morphology than LPSI. The
latter with its larger particles leads to a lower contact area between CAM and SE, more void
space and thus more serious constrictions. Numerical transport simulations indicated a roughly
doubled tortuosity for the cathode based on LPSI as SE component. The four times higher in-
trinsic ionic conductivity of LPSI, though, overcompensates this effect and enables an overall
superior battery performance. This shows that the charge transfer plays only a minor role. The
actual bottleneck for a better battery performance is the ionic transport within the SE phase
inside the composite cathode. Even though the ionic conductivity is the most crucial prerequi-
site for an SE, careful attention should be paid to the morphology of the SE and thus the mor-
phology of the resulting cathode, in order to fully benefit from the high ionic conductivities of
state-of-the-art SEs.
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Zusammenfassung

Die wissenschaftlichen Unternehmungen meiner Promotion lassen sich den Gebieten der
Na-lonen- und Li-lonen-Festkdrperionik sowie den Li-lonen-Festkorperbatterien zuordnen.
Sowohl Na-lonen- als auch Li-lonen-Festkorperionik besitzen das Potenzial, eine bedeutende
Rolle bei der Entwicklung zukunftiger, kommerzieller Energiespeichertechnologien zu spielen.
Die hohen angestrebten Energiedichten von Li-lonen-Festkdrperbatterien versprechen den breit
angelegten Einzug von Batterien in den PKW-Markt, wohingegen Na-lonen-Festkorperbatte-
rien vor allem fiir die gunstige, stationére Speicherung von Netzstrom zum Ausgleich von Last-
unterschieden von Interesse sind.

In den ersten beiden Publikationen des kumulativen Teils (Abschnitte 3.1 and 3.2) habe
ich zwei neue Na-lonen Festelektrolyte untersucht: Na11Sn2PSi> (NaSnPS) und
Na11.1Sn2.1Po.9Se12 (NaSnPSe). Im ersten Artikel (Abschnitt 3.1) wurde die Entdeckung der Ver-
bindung NaSnPS berichtet, welche eine unerwartete Stochiometrie aufwies: ,,Na11Sn,PSio%.
Diese Erkenntnis widersprach vorhergehenden, theoretischen Berichten, denen zufolge eine
quaterndre Verbindung NaSnPS eine Stochiometrie geméal ,,Na1oSnP2S12* besitzen sollte, ent-
sprechend den verwandten quaternaren Li-Verbindungen, wie z.B. Li1oSnP2S12 oder
Li10GeP2S12.[%4118178] Dariiber hinaus wurde eine bislang unbekannte Kristallstruktur entdeckt,
die sich erheblich von der von Li1oSnP2S12 oder LiioGeP2Si12 unterscheidet. Obwohl beide
Strukturen aus den gleichen grundlegenden Bausteinen bestehen (Alkali-lonen und unver-
kniipfte [SnSs]*- und [PS4]*-Tetraeder), unterscheiden sie sich stark. Die Struktur von NaSnPS
verfugt dabei Uber eine signifikant gréliere Elementarzelle (8 Formeleinheiten pro Elementar-
zelle statt lediglich 2) und ist deutlich komplexer. Markant ist, dass das Elementverhaltnis zwi-
schen Sn und P 2:1 betrdgt und damit genau invers zu dem der Li-Analoga mit 1:2 ist. Die
Kornleitfahigkeit von NaSnPS betragt 3.7 mS/cm, was das Material zum Zeitpunkt der Entde-
ckung zum besten Sulfid-basierten Na-lonen-Leiter machte. Interessanterweise wurden ahnli-
che Ergebnisse zeitgleich auch von der Forschungsgruppe um Linda Nazar publiziert.[*8) Ei-

nige Zeit spater erschien sogar ein dritter Artikel zum gleichen Thema.[*8?]
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Der Fokus des zweiten Artikels (3.2) liegt auf der Entdeckung von NaSnPSe, welches das
schwerere Analogon von NaSnPS darstellt. Wahrend das Kristallstrukturmodell von NaSnPS
in der vorangegangenen Studie noch basierend auf Rontgenpulverdaten geldst werden musste,
da die Zucht von ausreichend groRen Einkristall nicht gelang, so konnten in dieser Studie nun
geeignete Einkristalle erhalten werden. Dies ermdglichte einen deutlich detaillierteren Blick auf
den Grad der Besetzung der sechs verschiedenen Na-Positionen innerhalb des Kristallgitters
und somit auch auf den Leitmechanismus. Die zuvor entwickelte Idee, dass alle Na-Positionen
am langreichweitigen Transport beteiligt sind, bestatigte sich. Des Weiteren wurden zwei
Zwischengitterplatze (i1 und i2) identifiziert, die offensichtlich eine wichtige Rolle beim
Aufspannen der notigen 3D-Leitpfade spielen. NaSnPSe ist das erste Beispiel eines Selen-
basierten quaternaren Alkali-lonenleiters. Ahnliche Substitutionen von S durch Se in den
Lithium-Analoga stellten sich als unméglich heraus — abgesehen von vernachlassigbar geringen
Mengen.['® Im Gegensatz zum weit verbreiteten Glauben, dass ein weicheres Anionen-
Teilgitter notwendigerweise auch zu einer htheren ionischen Leitfahigkeit bei Raumtemperatur
fihrt, weist NaSnPSe mit 3.0 mS/cm tatséchlich eine niedrigere ionische Leitféhigkeit auf als
NaSnPS. Dies unterstreicht, dass nicht nur die Aktivierungsenergie der lonenbewegung —
welche erwartungsgemal niedriger liegt bei NaSnPSe — beriicksichtigt werden muss, sondern
auch die Sprungfrequenz, die bei weichen Anionengittern generell geringer ausfallt.
Interessanterweise wies NaSnPSe wiederholt eine Zusammensetzung auf (Nai1.1Sn2.1Po.9Se12),
die geringfligig von der Stochiometrie Na1:Sn.PChi, (Ch = S, Se) abwich. Es kann daher
angenommen werden, dass ein gewisser Spielraum fiir eine Mischungsreihe mit variierendem
Sn:P-Verhéltnis besteht.

Der ursprungliche Zeitplan meiner Promotion beinhaltete die anschlieBende Konstruktion
von Festkorper-Na-lonen-Batterien, basierend auf den selbstentdeckten Na-lonen-
Festelektrolyten, wie z.B. NaSnPS. Allerdings stellte sich erst im Rahmen der Promotion heraus,
dass fur Sulfid-basierte Na-lonen-Festkorperbatterien geeignete  Aktivmaterialien,
insbesondere Kathodenmaterialien, noch weitestgehend unbekannt sind. Vorlaufige
Experimente, die von Marvin Cronau im Rahmen seiner Masterarbeit mit NaxTizO71**! als
Anodenmaterial und NazFez(S04).'% als Kathodenmaterial durchgefithrt wurden, verliefen
aulerst enttduschend. Beide Materialien wiesen, verglichen mit den in der Literatur berichteten
Eigenschaften, signifikant niedrigere Kapazitaten sowie Zyklenstabilitaten auf.[*%5197-1%91 Aych
nach mehreren Synthese- und Zyklisierungsversuchen in Flissigzellen konnte die Performanz
des Systems lediglich geringfiigig verbessert werden.[?@ Frijhe Studien zu Li-lonen-

Festkorperbatterien zwischen 1990 und 2010 konnten hingegen bereits auf kommerzielles
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LiCoO. zurlickgreifen, welches gut in eben solchen funktioniert. Im Falle von Na-lonen-
Festkorperbatterien ist die Auswahl geeigneter Elektrodenmaterialien jedoch deutlich
schwieriger, was sich auch in der &duRerst geringen Anzahl verfugbarer Literaturberichte zum
Thema niederschlagt.*®1  Der Flaschenhals bei der Erforschung von Na-lonen-
Festkorperbatterien  ist  derzeit daher vielmehr der Mangel an kompatiblen
Elektrodenmaterialien als der an geeigneten Na-lonen-Festelektrolyten.

Im Bereich der Li-lonen-Festelektrolyte entwickelt sich die Forschung momentan spiirbar
fort von der bloRen Entdeckung neuer Materialien, hin zu raffinierten neuen Synthesewegen,
was einen wichtigen Schritt auf dem Weg zur Kommerzialisierung darstellt. Im dritten Artikel
(Abschnitt 3.3) wird eine innovative Strategie zur Synthese von Sulfid-basierten Li-lonen-
Festelektrolyten vorgestellt. LisPS4-3THF ist ein leicht zugédngliches Zwischenprodukt, das
sowohl zu S-LPS als auch LisPSsCl umgesetzt werden kann.[®>1% Es wird im Allgemeinen aus
der nasschemischen Reaktion von Li2S und P.Ss in wasserfreiem THF erhalten. Wé&hrend
jedoch P2Ss sehr glinstig ist, so ist Li>S — die wichtigste Chemikalie zur Synthese aller Sulfid-
basierten Li-lonen-Festelektrolyte — &ulerst teuer. Der Grund daftr sind die harschen
Reaktionsbedingungen, unter denen Li.S aus Li>SO4 als Ausgangsstoff hergestellt wird; die
benodtigten Temperaturen liegen bei tiber 1000 °C. Daher wurde ein Synthesepfad entworfen,
der die Herstellung von Li»S aus den Elementen bei Temperaturen < 100 °C ermdglicht. Dazu
werden Lithium und Schwefel zusammen mit THF wund Naphthalin (NAP) als
Elektronentransferreagenz in einen Kolben gegeben. Das Radikalanion von NAP (NAP")
reduziert dabei den Schwefel bis zum Sulfid-lon (S*). Wenn hohe Konzentrationen von NAP
verwendet werden, lassen sich sehr schnelle Umsetzungen erreichen. Indem im Anschluss
direkt P2Ss hinzugegeben wird, wird der erste Schritt der Li>S-Herstellung synergetisch an die
Herstellung von LisPS4-3THF gekoppelt, die Reaktion kann folglich als eine Eintopf-Reaktion
aufgefasst werden. Obschon elementares Lithium verwendet wird, was energetisch zunachst
unvorteilhaft erscheint, zeigen Uberschlagsrechnungen, dass die Herangehensweise attraktiv
erscheint aus einer Kostenperspektive. Sowohl -LPS als auch LisPSsCl, die ausgehend von
LisPS4-3THF im Folgenden synthetisiert werden, zeigen ihre typischen Eigenschaften ohne
jegliche Einschréankung, beispielsweise durch Spuren von im Endprodukt verbliebenem NAP.
Dies zeigt die praktische Durchftihrbarkeit dieses Ansatzes.

Neben der initialen Identifizierung geeigneter Festelektrolyte (insbesondere bezuglich
ihrer ionischen Leitfahigkeit, elektrochemischen Stabilitat und ihrer plastischen Eigenschaften)
und ihrer effizienten Synthese ist vor allem auch ihre Morphologie wichtig fiir den effektiven
Einsatz in Festkorperbatterien. Im vierten Artikel (3.4) wurden daher morphologische Aspekte
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von Li-lonen-Festkdrperbatterien untersucht und mit jeweiligen elektrochemischen Daten
korreliert. Es wurden zwei filmbasierte Modell-Zellen konstruiert, die beide auf NMC-85|10|05
als Kathodenmaterial und entweder S-LPS oder LPSI als Festelektrolytkomponente in der
Kathode basierten. Es konnte gezeigt werden, dass S-LPS mit seiner besonderen, mesoporésen
Morphologie eine deutlich vorteilhaftere Kathodenmorphologie bewirkt als LPSI. LPSI fihrt
mit seinen groferen Partikeln zu einer deutlich niedrigeren Kontaktflache zwischen
Kathodenmaterial und Festelektrolyt, mehr Porenraum, und daraus folgend gravierenderen
Einschnirungen. Numerische Transportsimulationen deuteten daher eine in etwa zweifach
héhere Tortuositat fiur die LPSl-basierte Kathode an. Die vierfach hohere, ionische
Leitfahigkeit von LPSI uberkompensiert diesen Effekt jedoch und ermdglicht eine insgesamt
Uberlegene Batterieleistung. Dies zeigt, dass der Ladungstransfer lediglich eine untergeordnete
Rolle spielt. Der eigentliche Flaschenhals fir eine Uberlegene Batterieleistung ist der
lonentransport innerhalb der Festelektrolytphase im Inneren der Kompositkathode. Obwohl die
ionische Leitfahigkeit die wichtigste und grundlegendste Eigenschaft eines Festelektrolyten ist,
sollte der Morphologie des Festelektrolyten und folglich der Morphologie der resultierenden
Kathode dennoch groRte Aufmerksamkeit geschenkt werden. Nur so kann die hohe ionische
Leitfahigkeit eines modernen Festelektrolyten optimal in eine Uberlegene Batterieleistung

umgemiinzt werden.
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5 Outlook

Both iso- and aliovalent doping/substitution are widespread strategies for the enhance-
ment of the conductivities of solid ionic conductors.[?°2-2%% nspired by the Li analogues prac-
tically exhibiting a full solid solution of LiioTtP2S12 (Tt = Si, Ge, Sn) attempting to vary the
tetrel for Na11Sn2PS12 (Tt = Si, Ge, Sn) seems obvious. Unpublished experimental work carried
out in the course of my PhD work, though, showed only little possibility to substitute the tetrel.
The more Si or Ge is substituted for Sn, the more impurity phases evolve and the lower are the
conductivities of the resulting phases, which is in line with theoretical investigations.[?° While
substitution of the tetrel seems pointless, a full solid solution exists when varying the pnictogen:
Na11Sn2PnSi2 (Pn = P, Sh).[2%5-2%8] However, the highest conductivity is consistently ascribed
to the initially found NaSnPS. It shall be noted that, based on unpublished results, arsenic can
just as well be utilized in the solid solution. Even when considering arsenic, though, NaSnPS
stays the best conductor of the structural class. Having failed to replace Sn, and upon finding
that usage of higher homologues does not lead to higher conductivities — neither for the pnicto-
gen nor for the chalcogen, the initial optimism to further tune the conductivity of NaSnPS-
related compounds has dwindled. Only little room for further enhancements of the conductivity
is left. Based on further unpublished results, doping of Ca?* for Na* in NaSnPS proved equally
unsuccessful. Considerably higher conductivities than 3-10~2 mS/cm have been reached in the
meantime starting out from NasPSs or NasShSa, respectively.?%! Naz oPo.sWo.1S4 represents the
current record holder for sulfide-based SEs, with a value of unrivalled 4.1-102 S/cm that is also
considerably higher than the highest value reported for Li-ion SEs.[?*! Thus, for ASS-SIBs,
identification of suitable electrode materials seems to be the decisive step for pushing ASS-
SIBs forward. Since the electrochemical stability of sodium thiophosphates towards possible
electrode materials is comparably low as for the lithium analogues (Figure 14), they equally
demand efficient coating strategies. Expectedly, these are currently even to a lesser extent de-
veloped than the electrode materials themselves. Unpublished results obtained during my doc-

toral work indicate that NaNbOs or NaTaOs, synthesized as thin-films, possess considerably
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lower ionic conductivities than the intensively studied lithium analogues.[*30-133211.212] |f gp-
plied to working cathode particles in a thin enough manner, they might still represent effective
coating materials, though.

In the case of ASS-LIBs, research slowly leaves the stage of material development. Vast
progress has been reached in the last three decades, when it comes to the identification of highly
conductive Li-ion SEs as detailed in section 2.2.1. Noteworthy, new structural classes of Li-ion
SEs have not been discovered since 2011.1%4 The discovery of stellar lithium-based argyrodites
even dates back to 2008.2*%1 Doping and substitution strategies that led to higher conductivities
than for LisPSsCl come at the expense of using less electrochemically stable and more expen-
sive elements.[2°0:2%2] |nteresting progress might still be gained from solution-based approaches
or more efficient screening abilities by means of theoretical simulations.®%1 However, their
efficient synthesis and processing currently moves into focus of both academic and commercial
research.?l Today, material cost is already a major price driver for overall battery cost. Upon
successful implementation of a lithium metal anode, graphite will no longer be needed. This
will reduce the material cost for ASS-LIBs. The electrolytes used today in LE-based LIBs are
a rather cheap component,'?4 though, which necessitates a sophisticated manufacturing pro-
cess for the cost-competitive synthesis of Li-ion SEs. The strategy shown in section 3.3 was
designed as an unconventional inspiration to the community. Future efforts should elaborate on
the idea of linking the solvent-mediated synthesis of Li>S with the subsequent generation of the
solid electrolyte (precursor) as it seems promising for the creation of considerable synergies.

The ideal synthesis of a highly conductive SE would directly yield the target product with
the desired particle size. Generally, that means “the smaller the better”. The smaller the particle
size of the SE, the less pore space will remain upon creation of the composite, and the smoother
the SE will cover the CAM. This results in the reduction of both the bulk transport and the
charge transfer resistivity. Whether this aim can be reached, depends mostly on the SE itself
and the way it is prepared. The two strategies that are most seriously discussed are ball-milling
and solvent-based syntheses. Ball mills are widely used throughout the chemical industry for
grinding purposes. This usually leads only to the reduction of particle size or amorphization of
the material to be ground. For the mechanical synthesis of amorphous ionic conductors in the
laboratory, like LPSI, a more sophisticated type of ball mill is used, however: the planetary ball
mill. It remains to be seen, whether the large impact and frictional forces needed for SEs can
be efficiently realized with large-scale ball-mills at all. Particle size reduction will be critical
and difficult. Solvent-based strategies seem as a very appealing alternative as they will likely

lead to smoother and less agglomerated particles.
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