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Abstract 

 

Adressing the growing demand for energy storage of renewable energies involves exploring alternatives 

to lithium-ion batteries. Sodium-based battery materials have gained momentum in research as they 

offer similar cell chemistry. Additionally, sodium, iron and manganese used in sodium-based cells are 

more sustainable and cost-effective compared to the classical elements used in high-capacity lithium 

cells, such as lithium, cobalt and nickel. Despite the higher reactivity of sodium with water, sodium-ion 

batteries show better safety characteristics. However, they face the drawback of lower energy density 

compared to lithium counterparts.  

To optimise the lower energy density issue, the use of solid electrolytes is being investigated not only 

in academia but in industry as well. Research on lithium-based systems has already shown an increase 

in energy density of solid-state batteries by employing anode materials with higher specific capacity, 

like lithium metal, compared to graphite. Solid-state batteries, in addition to their higher energy density, 

provide enhanced safety due to the non-flammable nature of solid electrolytes, as opposed to liquid 

electrolytes. Key challenges of solid-state cells include highly resistive interfaces, contact loss due to 

volume expansion and contraction of the electrodes, requiring compensation with high pressures, and 

interface reactions.  

Transitioning from lithium to sodium and liquid to solid electrolyte requires careful consideration of the 

following aspects. Notably, graphite is not an efficient intercalation material for sodium, as sodium-ions 

do not form stable graphite intercalation compounds due to the size mismatch between sodium and the 

graphite interlayer spacing. More precisely, the increasing size and at the same time an insufficient 

chemical bonding between the alkali metal ion and the carbon atoms lead to a positive formation energy. 

Therefore, either hard carbons, where sodium fills the pores, or elemental sodium is used in sodium-ion 

batteries. While liquid electrolytes are permeable to dendrites, sodium metal is primarily used as anode 

material for solid-state cells, along with alloy materials. Hard carbons have been introduced in solid-

state cells but encounter challenges in establishing proper contact with the solid electrolyte. Different 

classes of separator electrolytes for sodium solid-state batteries are under study, each with distinct ben-

eficial properties such as good processability, high ionic conductivity or chemical stability. Cathodes of 

solid-state batteries are primarily composites of a redox active material with another ion- and often 

electron-conducting phase, being a solid electrolyte and carbon.  

This study focuses on sodium-based all-solid-state battery systems, examining the influence of different 

electrolytes as separators or catholytes. Cathode composites with sulfide and halide catholytes where 

prepared, optimized and analyzed. Their cycling performance and especially the reaction with transition 

metal oxides was studied. Despite the lower ionic conductivity of the halide catholyte, its higher redox 
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stability allowed cell cycling that was not possible with the sulfide-based electrolyte. Regarding separa-

tor electrolytes, sulfides with and without doping were studied, and the need of a protective layer at the 

anode was determined. This protective layer, represented by an oxide ceramic electrolyte, exhibited 

beneficial stability at the anode but lacks the necessary flexibility to accommodate pressure changes in 

the cathode composite. Various methods, including time-of-flight secondary ion mass spectrometry, X-

ray photoelectron spectroscopy, electrochemical impedance spectroscopy, scanning electron micros-

copy and different cycling procedures, were employed to study these phenomena. 

Overall, this thesis provides a detailed insight into current challenges in sodium all-solid-state full cells 

using halide, sulfide and oxide electrolytes. Based on this knowledge clear trends could be determined 

for future research approaches and optimization procedures. If the favorable sulfide electrolytes are to 

be used as catholytes, coatings need to be introduced to protect the sulfides from decomposition. The 

use of the halide with increased chemical stability necessitates an increase of ionic conductivity to ensure 

the ability to use higher currents. The anode|separator interface has to be improved, potentially by an 

alternative electrode material such as hard carbon instead of the sodium–tin alloy. The reason is the 

strong reactivity of the sulfide separator with both sodium metal and the alloy. If oxides may potentially 

be used, further investigations are needed regarding the mechanical challenges.   
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Zusammenfassung 

Um den wachsenden Bedarf an Energiespeichern für erneuerbare Energien zu decken, müssen Alterna-

tiven zu Lithium-Ionen-Batterien erforscht werden. Natriumbasierte Batteriematerialien haben in der 

Forschung an Bedeutung gewonnen, da sie eine ähnliche Zellchemie bieten. Außerdem sind Natrium, 

Eisen und Mangan, die in natriumbasierten Zellen verwendet werden, nachhaltiger und kostengünstiger 

als die klassischen Elemente, die in Lithiumzellen mit hoher Kapazität verwendet werden, wie Lithium, 

Kobalt und Nickel. Trotz der höheren Reaktivität von Natrium mit Wasser weisen Natrium-Ionen-Bat-

terien bessere Sicherheitseigenschaften auf. Sie haben jedoch den Nachteil einer geringeren Energie-

dichte im Vergleich zu ihren Lithium-Pendants. 

Um das Problem der geringeren Energiedichte zu optimieren, wird der Einsatz von Festelektrolyten 

nicht nur in der Wissenschaft, sondern auch in der Industrie untersucht. Forschungsarbeiten zu lithium-

basierten Systemen haben bereits gezeigt, dass sich die Energiedichte von Festkörperbatterien durch den 

Einsatz von Anodenmaterialien mit höherer Energiedichte, wie Lithiummetall, im Vergleich zu Graphit 

erhöhen lässt. Festkörperbatterien bieten neben ihrer höheren Energiedichte auch eine höhere Sicherheit, 

da Festelektrolyte im Gegensatz zu Flüssigelektrolyten nicht entflammbar sind. Zu den wichtigsten Her-

ausforderungen von Festkörperzellen gehören hochohmige Grenzflächen, Kontaktverluste aufgrund der 

Volumenausdehnung und -kontraktion der Elektroden, die durch hohe Drücke kompensiert werden müs-

sen, sowie Grenzflächenreaktionen. 

Der Übergang von Lithium zu Natrium und von Flüssig- zu Festelektrolyten erfordert eine sorgfältige 

Berücksichtigung der folgenden Aspekte. Graphit ist kein effizientes Interkalationsmaterial für Natrium, 

da Natrium-Ionen aufgrund des Größenunterschieds zwischen Natrium und dem Graphit-Zwischengit-

terabstand keine stabilen Graphit-Interkalationsverbindungen bildet. Genauer gesagt, die zunehmende 

Größe und gleichzeitig eine unzureichende chemische Bindung zwischen dem Alkalimetallion und dem 

C-Atom führen zu einer positiven Bildungsenergie. Daher werden in Natrium-Ionen-Batterien entweder 

Hartkohlenstoffe, in denen Natrium die Poren füllt, oder elementares Natrium verwendet. Da Flüssige-

lektrolyte für Dendriten durchlässig sind, wird Natriummetall hauptsächlich als Anodenmaterial in Fest-

körperzellen verwendet, zusammen mit Legierungsmaterialien. Hartkohlenstoffe wurden bereits in Fest-

körperzellen untersucht, stoßen jedoch auf Probleme bei der Herstellung eines ausreichenden Kontakts 

mit dem Elektrolyten. Es werden verschiedene Klassen von Separatorelektrolyten für Natrium-Festkör-

perbatterien untersucht, die jeweils unterschiedliche vorteilhafte Eigenschaften wie gute Verarbeitbar-

keit, hohe Ionenleitfähigkeit oder chemische Stabilität aufweisen. Kathoden von Festkörperbatterien 

bestehen in erster Linie aus einem redoxaktiven Material, einer anderen ionen- und oft auch elektronen-

leitenden Phase, nämlich einem Festelektrolyten und Kohlenstoff. 

Die Arbeit konzentriert sich auf Natrium-basierte Festkörperbatteriesysteme und dokumentiert den Ein-

fluss verschiedener Elektrolyte als Separatoren oder Katholyten. Kathodenkomposite mit Sulfid- und 
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Halogenid-Katholyten wurden hergestellt, optimiert und analysiert. Ihre Zyklenstabilität und insbeson-

dere die Reaktion mit Übergangsmetalloxiden wurde untersucht. Trotz der geringeren Ionenleitfähigkeit 

des Halogenidkatholyten ermöglichte seine höhere Redoxstabilität Zellzyklen, die mit dem Elektrolyten 

auf Sulfidbasis nicht möglich waren. Bei den Separatorelektrolyten wurden Sulfide mit und ohne Do-

tierung untersucht, und es wurde festgestellt, dass eine Schutzschicht an der Anode erforderlich ist. 

Diese Schutzschicht, die durch einen oxidischen Elektrolyten repräsentiert wird, weist eine vorteilhafte 

Stabilität an der Anode auf, verfügt jedoch nicht über die notwendige Flexibilität, um Druckänderungen 

im Kathodenkomposit zu kompensieren. Zur Untersuchung dieser Phänomene wurden verschiedene 

Methoden eingesetzt, darunter Flugzeit-Sekundärionen-Massenspektrometrie, Röntgen-Photoelektro-

nenspektroskopie, elektrochemische Impedanzspektroskopie, Rasterelektronenmikroskopie und ver-

schiedene Zyklisierexperimente. 

Insgesamt gibt diese Arbeit einen detaillierten Einblick in die aktuellen Herausforderungen bei Natrium-

Festkörper-Vollzellen mit Halogenid-, Sulfid- und Oxid-Elektrolyten. Basierend auf diesen Erkenntnis-

sen konnten klare Trends für zukünftige Optimierungsverfahren ermittelt werden. Sollten die Sulfide-

lektrolyte als Katholyten eingesetzt werden, müssen Beschichtungen eingeführt werden, um die Sulfide 

vor Zersetzung zu schützen. Die Verwendung des Halogenids, das erhöhte chemische Stabilität auf-

weist, erfordert eine Erhöhung der Ionenleitfähigkeit, um höhere Ströme nutzen zu können. Die Grenz-

fläche zwischen Anode und Separator muss verbessert werden, möglicherweise durch ein alternatives 

Elektrodenmaterial wie z. B. Hartkohlenstoffe (Hard Carbons) anstelle der Natrium-Zinn-Legierung. 

Grund dafür ist die starke Reaktivität des Sulfidseparators sowohl mit Natriummetall als auch mit der 

Legierung. Wenn möglicherweise Oxide verwendet werden, sind weitere Untersuchungen zu den me-

chanischen Herausforderungen erforderlich. 
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1. Introduction 

In recent years, the urgency to address climate change and reduce greenhouse gas emissions has driven 

a significant shift in the transportation sector. The transition from traditional combustion engines to 

battery electric vehicles (BEVs) has gained considerable momentum, offering a cleaner and more sus-

tainable mode of transportation.  

One of the critical factors in enabling the widespread adoption of BEVs is the development of advanced 

battery technologies capable of storing renewable energies efficiently. Renewable sources such as solar 

and wind power have become increasingly popular for generating electricity, but the intermittent nature 

of these sources necessitates effective energy storage solutions. Sodium-ion batteries (SIBs) have 

emerged as a promising candidate for large-scale energy storage due to the abundant availability of 

sodium.  

While lithium-ion batteries (LIBs) have dominated the market so far, sodium-ion batteries possess the 

potential to exceed the physicochemical limits of lithium-based systems. Sodium, unlike Na-thing else, 

is the 6th most abundant element on earth and does not only comprise 2.6 % of the earth crust but also 

mainly occurs as NaCl in the ocean.1  

To take a step back, the next few paragraphs will provide an overview of the current state of the art, to 

help to put this work into perspective. When studying sodium all-solid-state batteries (Na-ASSBs), it is 

important to consider the history and development of lithium- and sodium-ion batteries, as the basic 

electrochemical processes are similar and therefore studied in a similar manner. In particular, the work 

on lithium solid-state batteries, which has been increasingly focused on, should serve as a role model 

for the studies of Na-ASSBs, as they face many similar challenges.  

LIBs have been used in consumer electronics long before becoming the key technology in BEVs. How-

ever, the annual growth rate for BEVs and also stationary energy storage systems in terms of the global 

demand on LIB in GWh is forecasted to be around 30% from 2020 to 2030 underlining its importance 

in the near future.2 Leading battery companies like CATL or big car companies such as Volkswagen are 

investing and building gigafactories to meet the increasing energy storage demand.  

The SIBs have been of increasing interest since 2010.3 HiNa-Batteries, a Chinese company, has com-

mercialized SIBs for low-speed vehicles and large-scale energy storage. But also companies such as 

Faradion, Tiamat, NaTrium Energy Co. or Natron Energy, to name just a few, are either on the verge or 

have recently commercialized SIBs.4 The SIB chemistry, however, still faces hurdles to overcome what 

hinders are more global production.5 

Striving for longer driving ranges, shorter charging times and an overall price tag comparable to those 

for combustion cars, industry has become interested in lithium solid-state batteries. If the mass produc-

tion of solid-state batteries is going to be successful, their high energy density could address these goals.6 
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A successful mass production, however, is for now unclear as many of the current issues on cell level 

and upscaling are yet not resolved. The industrial big players in the research on lithium solid-state bat-

teries are for now start-ups in the USA such as Quantumscape or Solid Power that are heavily invested 

in by big car companies such as VW, Ford and BMW.6 Academia has started its research by the devel-

opment of sodium de- and intercalation layered cathode material NaxCoO2 in 1981.7 As for now, most 

sodium cathode materials are still transition metal oxides besides polyanionic compounds like sodium 

vanadium fluorophosphates or Prussian blue/white analogues. The discovery of hard carbons as anode 

material by Jeff Dahn’s group,8 reaching reversible capacities close to those of lithium insertion into 

graphite, gave a major boost for competitive thinking in terms of lithium- vs. sodium-ion batteries.  

Industrially, Na-SSB have not yet reached the scope of the big battery players, but if lithium SSBs 

manage to reach mass production, the transition to sodium will be faster than from liquid to solid elec-

trolyte6 and have the advantage of a reduced cost and higher abundance of the battery materials, as 

lithium has significantly gone up in cost.2 The cathode active materials for Na-SSBs are similar to those 

used in SIBs with liquid electrolyte and are as of now primarily transition metal oxides.4 Na-SSBs enable 

the use of sodium metal with a decreased dendrite formation compared to liquid electrolytes while in-

creasing energy density significantly. Therefore, sodium metal is the most common choice, however, 

increasing work has been conducted on alloy anodes.9,10 The solid electrolytes studied at present are 

sulfide/selenide, halide, oxide and closo-borate electrolytes with conductivities of up to 40 mS∙cm−1 

surpassing those of liquid electrolytes.11,12  

The use of solid electrolytes in sodium batteries offers several advantages. The possibility to use sodium 

metal as the anode, in contrast to graphite or hard carbons as used in commercialized lithium- or sodium-

ion batteries, contributes significantly to the enhanced energy density. Moreover, the transference num-

ber tNa+ for inorganic solid electrolytes is close to unity, which means that the total current is transported 

by the cation without generating a concentration gradient as in liquid electrolytes, thus increasing the 

power density.13  

In light of these factors, it is crucial to explore sodium batteries with solid electrolytes and address the 

key challenges remaining. By understanding the strong reactivity between electrolyte and electrode ma-

terials and tackling the mechanical issues, the way for the development of safer, more efficient, and 

higher energy-density sodium-based energy storage systems is paved.  

In this work, I present a comprehensive exploration of various aspects related to Na-ASSBs. The find-

ings are divided into two publications each focusing on specific aspects of the battery system.  

Publication 1 titled “Protective NaSICON Interlayer between a Sodium–Tin Alloy Anode and Sulfide-

Based Solid Electrolytes for All-Solid-State Sodium Batteries” studies the reaction of different sodium 

solid electrolytes with a sodium–tin alloy anode material. Specifically, the sulfide electrolytes Na3SbS4 

and Na2.9Sb0.9W0.1S4 exhibit significant degradation at the anode|electrolyte interface. To address this 
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issue, we introduce a rigid ceramic Na3.4Zr2Si2.4P0.6O12 disk as a protective interlayer between the anode 

and the sulfide electrolyte. This interlayer proves to be effective in maintaining stable impedance and 

protecting the sulfide electrolyte from decomposition. 

Publication 2 titled “Halide and Sulfide Electrolytes in Cathode Composites for Sodium All-solid-state 

Batteries and their Stability” focuses on the reactions between different transition metal oxide cathode 

active materials and a sulfide and halide electrolyte. By studying these reactions, we aim to improve the 

understanding of the interfacial processes and identify strategies to enhance the performance and dura-

bility of sodium all-solid-state batteries.  

Collectively, the results presented in this dissertation shed light on the challenges and opportunities 

associated with sodium all-solid-state batteries, particularly in terms of interfacial contact, conductivity 

and reactivity. The findings contribute to the ongoing efforts to develop efficient and reliable energy 

storage systems and provide valuable insights for future research in this exciting field.  
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2. Fundamentals 

The fundamentals will provide a more detailed insight into current knowledge in literature. The topics 

addressed will be the concept of batteries and especially solid-state batteries in general, specifics such 

as ion transport, reactivity, pressure dependency of electrolytes, the working principles of alloys and 

reference electrodes as well as interfacial degradation and analytical methods to study them.  

 

2.1. Sodium All-Solid-State Batteries 

2.1.1. Architecture of all-solid-state batteries 

An all-solid-state battery (ASSBs) is a type of rechargeable secondary cell that stores and releases en-

ergy through electrochemical redox reactions. It can be recharged using an external electrical potential 

or current. The key components of ASSBs include two electrodes (cathode and anode), a separator and 

two current collectors. In general the anode is the electrode that undergoes oxidation whereas the cath-

ode is the electrode that undergoes reduction. In secondary batteries, though, the oxidation or reduction 

process at the electrodes depends on whether the cell is being charged or discharged. However, the 

terminology of the electrodes remains consistent, with “cathode” or “anode” consistently representing 

the electrodes whose reaction that takes place voluntarily, ergo during discharge. Consequently, the 

positive electrode is designated as the cathode whereas the negative electrode is identified as anode. In 

ASSBs, as in liquid electrolyte based cells, the cell voltage is determined by the difference in chemical 

potential of lithium or sodium between the two electrodes.  

One distinctive feature of ASSBs compared to conventional lithium/sodium-ion batteries is the replace-

ment of the separator and liquid electrolyte with a solid electrolyte. The solid electrolyte serves as both 

an electronic barrier between the electrodes and as an ionic conductor within the electrode composites 

and between electrodes, enabling efficient charge transfer.  

Me-ASSB  LIB/SIB  ASSB 

 

 

 

 

 

Figure 1: Architecture and changes of volumetric and gravimetric energy densities going from liquid 

based cells (LIB/SIB) to cells with solid electrolyte (ASSB) and cells with solid electrolyte and addi-

tionally a metal electrode (Me-ASSB).  
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Figure 1 adapted from Janek et al.14 illustrates the changes in battery architecture when using solid elec-

trolytes and when additionally using a metal anode instead of graphite/hard carbons or an alloy (not 

depicted in Figure 1). There are many positive aspects attributed to ASSBs, some of which are indeed 

quite obvious. 1. There is no concentration polarization within the electrolyte as the anions do not mi-

grate.15 The high transference number of close to 1 compared to liquid electrolytes with tLi+ of 0.4–0.6 

enhances the overall battery performance.16 2. There is no need for ion desolvation, reducing the transfer 

resistance. 3. Solid electrolytes have a reduced flammability compared to liquid electrolytes. 4. The 

energy density is maximized by the ability to use metal anodes and bipolar stacking.14  

However, several aspects related to ASSBs still require further investigation and validation. These in-

clude safety considerations, particularly concerning sulfide-based materials that release H2S gas. Addi-

tionally, the safety implications of increasing energy density through the use of metal electrodes, which 

can react strongly with e.g. water, need to be thoroughly examined. Moreover, although many solid 

electrolyte materials show improved dendrite stability compared to liquid electrolytes, dendrite growth 

along grain boundaries is still a concern in certain material classes such as ceramics like NaSICON.  

One of the inherent challenges in ASSBs is achieving good contact between solid components, which is 

currently addressed by applying pressure during battery assembly and cycling. Section 2.3 of this study 

shows the effect of electrolytes with low Young’s modulus17 facilitating the contact between the battery 

components and increasing the battery performance.  

The field of ASSBs involves a wide range of material classes that operate with various working princi-

ples. These diverse materials offer compelling possibilities and opportunities for enhancing the perfor-

mance and capabilities of ASSBs and are discussed below.  

2.1.2. Solid electrolytes and the ionic transport 

The transport of ions within the solid electrolyte strongly differs from liquid electrolytes. Since there is 

no gradient in charge carrier concentration and no diffusive and migrational fluxes of anions within a 

solid electrolyte, the electrical conductivity 𝜎 relates to the electric field 𝐸⃑  that is applied and results in 

a current density 𝐽  according to Ohm’s law.  

𝐽 = 𝜎 ∙ 𝐸⃑  (1) 

In solid electrolytes, two different length scales are considered. An atomic scale in crystalline lattices 

and in the longer scale the impact of grain boundaries or pores can be distinguished. 

The migration of sodium-ions in solid electrolytes on the atomic scale occurs with a hopping mechanism 

and can be calculated.4 The place of a cation position within a lattice can either be occupied or vacant. 

The hopping of a sodium-cation from an occupied to a vacant position is one of the ion migration path-
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ways within not only a solid electrolyte but any ion conducting crystal such as the cathode active mate-

rial. The other migration possibility is the hopping of a sodium-ion to an adjacent occupied site by 

pushing that ion to the next vacant site. Especially for close to fully sodiated cathode active materials 

this is the way for ion diffusion. This migration is called correlated migration. The third transport mech-

anism is the interstitial migration when cations diffuse via interstitial sites which according to theoretical 

work, however, is not suggested to occur for the sodium ion migration.18,19 

Considering the anionic framework of for instance Na3PS4, a sodium ion conductor, an additional con-

tribution can lead to an increased conductivity. The so called “paddle-wheel” or “revolving door” is a 

dynamic rotational disorder occurring in the PS4
3− tetrahedra that leads to an even faster migration of 

cations.4   

The long range diffusion can be affected by migration through and along grain boundaries and by the 

presence of pores. Especially in oxide electrolytes, these phenomena play a crucial role where from the 

atomic scale, i.e. inside a perfect lattice, an ion pathway leads through intergranular regions, also called 

grain boundaries. These grain boundaries or intergranular regions do not constitute of a different “phase” 

but can have different mechanical and chemical properties. The heterogeneity in migration pathways 

can change the resistivity by creating a tortuous diffusion path and reducing the conductivity of the 

material or increasing conductivity along the grain boundaries.  

Therefore, the minimization of pores, via i.e. densification, within a solid-state conducting material is 

essential. This densification can be established through different processes. Oxide electrolytes, so ce-

ramics, have to be sintered at high temperatures whereas sulfide materials can be cold pressed, facilitat-

ing the preparation of composites.  

One of the key aspects of ion conduction within electrolytes is its temperature dependence. The ion 

transport is a thermally activated process, causing the ionic conductivity to increase with temperature, 

which can be described by an Arrhenius-type equation:  

𝜎𝑖(𝑇) =
𝜎𝑖

0

𝑇
𝑒

−𝐸a
𝑘B𝑇⁄

 (2) 

where 𝜎𝑖 is the ionic conductivity, 𝜎𝑖
0 the pre-exponential factor, 𝑇 the temperature, 𝐸a the activation 

barrier and 𝑘B the Boltzmann constant.20,21 When dealing with solid electrolytes, it is necessary to dif-

ferentiate between the temperature dependence at the grain boundaries and in the bulk material. The 

magnitude of the grain boundary resistivity can change differently with temperature compared to the 

bulk resistivity and can, therefore, play an important role in the total ionic conductivity.22 However, 

deriving from this equation it is evident that an elevation in temperature results in an overall increased 

ionic conductivity.  
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Many solid electrolytes like their liquid counterparts suffer from a lack of redox stability either at the 

anode or cathode side, which will be discussed in more detail in chapter 2.2.14 A major benefit of ASSBs 

is, however, the ability to use multiple electrolytes, for instance, as a separator or catholyte according to 

the desired requirements. To sum up, a perfect solid electrolyte should have the following properties: a 

high ionic and low electronic conductivity, a wide voltage stability window and a low Young’s modulus. 

The solid electrolytes studied at present are sulfide/selenide, halide, oxide and closo-borate electrolytes 

of which the following section will concentrate on those studied within this work. 

Sulfide electrolytes 

Sulfide electrolytes (SEs) studied for the lithium-ion conduction reach higher conductivities compared 

to liquid electrolytes and even exceed these conductivities when sodium sulfides where developed. The 

most commonly used sulfide electrolyte is Na3PS4. At present the Na2.9Sb0.9W0.1S4 SE with a conductiv-

ity of 40 mS∙cm-1 shows the highest ionic conductivity reported for a sodium-ion conducting electrolyte. 

Key for the high ionic conductivity is A) the introduction of vacancies using aliovalent substitution with 

W6+ and B) the isoelectronic substitution of P with Sb as it lowers the activation barrier for the ion 

migration by widening the diffusion bottleneck.11  

The major advantage apart from the sulfides high conductivity is their deformability, enabling to com-

pensate for volume changes of the active material especially in the cathode. A consolidation/densifica-

tion and usage of constant pressure throughout cycling is, however, essential as a crystalline sulfide-

type electrolyte loses contact upon pressure release. This leads to pore formation and therefore a tortuous 

transport pathway resulting in a decreased effective ionic conductivity. The alternative of synthesizing 

amorphous sulfide-type electrolytes containing nanocrystallites has the advantage of an improved con-

tact upon pressure release. However, the disadvantage is the decreased bulk ionic conductivity of these 

amorphous electrolytes.23  

In terms of electrochemical stability this type of SE lacks the necessary voltage stability window24 lead-

ing to the formation of interphases both at the anode side (reaction with sodium) and cathode side which 

will be further discussed in chapter 2.2.  

Halide electrolytes 

As a relatively new group of SEs, the challenges and capabilities of halide and especially chloride elec-

trolytes have yet to be studied in depth. As for the sulfides, first studies have demonstrated an enhance-

ment in ionic conductivity when using mechanochemical synthesis compared to SEs prepared through 

high-temperature synthesis.25 The possibility to cold sinter them by compacting them26 signifies a suffi-

cient contact upon pressing and therefore a high softness, which is needed within the cathode composite. 

However, so far sodium chloride electrolytes show conductivities far below those of oxides and sulfides 

in the range of 10−5 S∙cm−1. Their thermodynamic reduction stability was calculated to be insufficient 
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vs. Na+/Na.27 Also lithium-based halide electrolytes show a reduction instability,28 leading to a mixed 

conducting interface, that is a constant grow of the reaction layer (see chapter 2.2). Lithium-based hal-

ides have, however, proven themselves to be very stable to oxidation29 and the oxidative stability of the 

sodium counterpart will be further investigated in this work.  

Oxide electrolytes 

Only a few oxide electrolyte structures have been intensively studied, which are Na-β/β’’-alumina and 

NaSICON structures.30 Na-β/β’’-alumina, which even as a polycrystalline material reaches ionic con-

ductivities of up to 6 mS∙cm−1, is already used in industry within the ZEBRA cell, which operates at 

high temperatures with molten sodium. NaSICON structures presented and studied in this work have 

been intensively studied but due to their rigidity not yet used in full cell applications. Even though 

NaSICON phases are predicted to be thermodynamically unstable against sodium, studies have proven 

that the formation of Na3PO4 on the surface31 by adding an excess of sodium and phosphorus during the 

synthesis leads to a stabilization of the interface on contact with sodium. Oxide electrolytes offer high 

ionic conductivities and a wide voltage stability window,24 are more resistant to contact with atmos-

pheric gases than most electrolytes and show low charge transfer resistances at the interface with so-

dium. Major drawbacks are, however, the high temperatures necessary for densification of the oxides or 

co-sintering with the cathode materials, as this is costly and can also lead to unwanted reactions with 

the cathode, forming resistive interphases. Other than that, the lack of deformability especially in ASSBs 

causes mechanical issues upon manufacturing of thin layers and during cycling and volume expansion 

within the cathode which can cause cracking and delamination of the rigid SE.  

2.1.3. Cathode active material 

Within cathode active materials (CAM), this work will only focus on transition metal oxide (TMO) 

intercalation materials. During discharge, sodium ions intercalate into oxygen–transition metal slabs 

reducing the transition metals and vice versa during charge. TMO cathodes are high voltage materials, 

causing problems with the stability voltage window of many electrolytes. They are mixed ionic/elec-

tronic conductors and have to be used within a composite with an ionic (solid electrolyte) and mostly 

also electronic conductor (carbon). For ASSBs, the morphology, particle size, the volume expansion 

and cracking of the cathode active materials during charging and discharging play the most important 

role as the solid materials lack the good contact compared to liquid electrolytes.32 A good TMO cathode 

active material should, other than that, show high capacity, reversible de-/intercalation of sodium ions 

and no degassing during cycling. The particle size and size distribution is to this point highly discussed, 

see Minnmann et al.33  
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Lithium and sodium TMOs display distinct variations in their voltage profiles during intercalation and 

deintercalation of the corresponding cation. Figure 2 presents exemplarily the voltage profiles of Na-

CoO2 and LiCoO2, where NaCoO2 demonstrates several distinct voltage plateaus, signifying multiple 

individual phases, while LiCoO2 shows a rather gradual phase transition. The size of the sodium-ion 

accounts for these variations. Upon extraction or insertion of the large sodium-ions, the TMO framework 

undergoes ordering phenomena, without breaking the transition metal–oxygen bond.34 The type of tran-

sition that occurs determines whether irreversible changes take place in the structure, resulting in a loss 

of capacity. The most common structures are P2- und O3-type phases with P (prismatic) and O (octahe-

dral) being the coordination sites for the sodium-ions within the lattice and 2 and 3 being the repeated 

stacks of oxygen layer in the crystal structure. The type of phase is primarily determined by sodium 

content (via synthesis or cycling) but also by the transition metal and/or synthesis condition. Generally, 

the prismatic sites enable a faster ion diffusion, however, P2-type phases have diminished sodium con-

tent ergo less capacity.   

 

P2  O3   

Figure 2: Comparison of NaCoO2 and LiCo2 voltages profiles reprinted with permission from Nayak et 

al.35 and NaMeO2 (Me= metal) phases P2 and O3 reprinted with permission from Yabuuchi et al.36 

The TMO intercalation CAM used within this work is foremost P2-Na0.66Fe0.4Mn0.5Mg0.1O2. The unsub-

stituted O3- and P2-Na0.66Fe0.5Mn0.5O2 material has been originally studied by Yabuuchi et al.36 but its 
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phase changes especially at high voltages remain a controversial topic. The substitution with magnesium 

reported by Yang et al.37 does not only lead to a structural stabilization but the enlargement of the inter-

layer spacing facilitates the sodium-ion conduction and has shown apart from its earth abundant mate-

rials good performance in liquid based cells.  

2.1.4. Anode 

As anode material for ASSBs, metal electrodes are highly discussed for their high energy density and 

reduced dendrite formation with solid electrolytes compared to liquid electrolytes. Sodium metal is a 

very soft material38 which can lead to creep. One has to specify that creep in this case is the definition 

of a transport mechanism within the metal, which can be in fact beneficial as consistently metal will 

creep to the solid electrolyte|separator interface, enabling high current densities.39 However, the softness 

of the sodium metal can also cause problems, particularly under pressure, which is required for contact 

in the cathode composite. The metal may be forced through a slightly porous solid electrolyte,40 posing 

the potential issue of a short circuit. Furthermore, many solid electrolytes, especially sulfide electrolytes, 

are highly reactive with sodium metal. As an alternative, alloy materials can be used as anode material. 

They show increased mechanical and electrochemical stability. Many alloy materials experience, how-

ever, an even stronger volume increase than pure metal upon sodiation/lithiation causing contact issues 

within the ASSBs. Within this work, a sodium–tin alloy material was studied. Considering the Na–Sn 

binary phase diagram and the study of the sodium insertion and removal of a tin thin film by Ellis et al.41 

a suitable alloy material was chosen. The voltage curves within the work showed several distinct plat-

eaus. One of which corresponds to a Na15Sn4–Na3Sn two phase region which presented a potential of 

0.2 V vs. Na+/Na. It was chosen due to the lowest volume expansion and highest voltage difference to 

the cathode material, which signifies high capacity cells, without including sodium metal. The alloy 

material shows good mechanical properties and an increased stability towards the sulfide separator ma-

terial as also verified in this work. 

 

2.2. Alloy anode material  

Alloy materials and especially the sodium–tin alloy are highly complex materials and a topic that has 

been widely studied but still not fully understood. The first section will be on the theory of alloys and 

the alloying principle and the second section on experimental observations and potential explanations.  

An electrochemical alloying reaction of sodium with another metal occurs through the formation of a 

binary alloy with different stoichiometry in a stepwise manner:  

𝑥Na+ + 𝑥e− + M ↔ Na𝑥M 
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Alloys, as they themselves are metals, are electronically conducting. The properties of an alloy, how-

ever, can differ from the individual metal(s) it is composed of. The introduction of metal atoms of one 

sort into the lattice of another leads to stress which can change its properties, especially mechanically. 

There are two alloying processes. Interstitial alloying occurs when very different sized metal atoms are 

alloyed and the smaller metal species rests in the interstitial positions of the atom structure of the other 

metal. During substitutional alloying, the atomic position of one metal atom is substituted by the other 

metal atom. In both cases the alloying leads to a large volume expansion creating issues especially in 

ASSBs.  

The phase/phases formed throughout the alloying procedure can be extracted from the phase diagram, 

theoretically calculated through density functional theory (DFT) or for the sodium–tin alloy case con-

structed experimentally. Over the course of time different sodium–tin phase diagrams where determined 

that partially differ in the stoichiometry of the different phases. Figure 3 and Figure 4 show two different 

phase diagrams with the first one being the most recent one and the foundation of the future discussion.  

 

Figure 3: Sodium–tin phase diagram from 1998 digitalized and replotted.42 
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Figure 4: Sodium–tin phase diagram from 1928 digitalized and replotted.43 The phases marked in red 

differ in stoichiometry or notation from the phase diagram from 1998 by Sangster et al.  

Despite the established phase diagrams, in some cases, anodes made of alloys can follow a reaction path 

that differs from the equilibrium phase diagram.4  

The alloying reaction of sodium–tin forms amorphous and metastable crystalline intermediates which 

are difficult to study with common characterization techniques.44 Furthermore, the alloying of sodium–

tin strongly depends on many parameters such as current density, cut off voltage, cycle number, thick-

ness of the electrode, cell configuration and electrolyte.  

The alloy material used in this work is synthesized mechanically. The ratio between sodium and tin, that 

was chosen, leads to an already sodium rich phase after synthesis. Therefore, the focus is put in the 

sodium rich phase(s) of the phase diagram being the two phase region Na15Sn4–Na, the Na15Sn4 phase 

and the two phase region Na15Sn4–Na3Sn.  

 

2.3. Electrode interfaces and degradation mechanisms 

After cell assembly the interface from electrolyte to active material whether within the cathode compo-

site or from separator material to anode material can experience several issues. High interface resistances 

can be caused by contaminants, voids or electro-/chemical instabilities.  
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Electrochemical instabilities 

Both chemical and electrochemical instabilities lead to the formation of a solid–electrolyte interphase 

(SEI). The same phenomenon is called cathode–electrolyte interphase (CEI) at the cathode. In ASSBs, 

the term SEI may be misleading as solid electrolytes are used. However, similar to liquid cells, it repre-

sents the interfaces/interphases between electrolyte and electrode. The electrode|electrolyte interface or 

interphases can be categorized as follows: (1) If no reaction between the electrode material and the 

electrolyte takes place a stable interface is formed. (2) If a reaction between electrolyte and active ma-

terial/electrode takes place and an interphase is formed, that has an ionic conductivity but no electronic 

conductivity, this interphase is called SEI/CEI. It will passivate and not grow indefinitely. (3) If a reac-

tion between electrolyte and active material/electrode takes place and an interphase is formed that has 

ionic and electronic conducting properties it is called mixed conducting interphase (MCI) and grows 

consuming the electrolyte. This characterization has mainly been used for metal anode materials but 

equally applies for the interface between SE and CAM, current collector or carbon.  

The electrochemical decomposition of a SE occurs primarily due to its narrow thermodynamic stability 

window. For the representation of the electrochemical stability window for liquid electrolytes the high-

est occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) used to be 

considered, as spread to the battery community by Goodenough.45 Equivalently, for the SEs, the con-

duction band (CB) and the valence band (VB) have been considered.46 The theory was that if the CB 

minimum/VB maximum has a higher/lower energy then the anode/cathode material the solid electrolyte 

would be stable. However, this approximation only considers electrons. The example of the redox sta-

bility of water being 1.23 V vs. the HOMO–LUMO energy gap (Eg) of 8.7 V supports this misconcep-

tion.47 It neglects the energy contribution of the ion, which, in case of an instability, will leave the elec-

trode like the electron due to charge neutrality.47 It is, therefore, only a first approximation which only 

provides an upper limit. The stability window can be calculated through quantum mechanical calcula-

tions. If the lowest/highest energy (−e[EOxidation]/−e[EReduction]) of the stability window is calculated to be 

lower/higher than the electrochemical potentials of the anode/cathode (µ̃
e- ,Anode /µ̃e- ,Cathode) it degrades 

and forms an interphase at the electrodes.4,45 This occurs when the formation of an interphase is not 

hindered kinetically. Figure 5 illustrates an electrochemically unstable solid electrolyte, where the sta-

bility window is not determined by the CB or VB of the electrolyte.  
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Figure 5: Schematic illustration of the energies of the electrolyte stability window adapted from Peljo et 

al.47 Depicted are the valence band (VB) in dark blue and conduction band (CB) in light blue of the solid 

electrolyte and the electrochemical potential of the anode (µ̃
e- ,Anode), here sodium, as the reductant and 

the electrochemical potential of the cathode (µ̃
e- ,Cathode) here a transition metal oxide (TMO) as the oxi-

dant. The stability window with an upper energy limit (−e[EReduction]) and a lower energy limit (−e[EOxi-

dation]) is smaller than the cell voltage (e[Ecell]) which signifies a reduction/oxidation of the electrolyte if 

no stable SEI is formed at the interface.  

Considering the work by Lacivita et al.24 the reduction stability of NaSICON was calculated to be 1.11 V 

vs. Na+/Na. The reaction with sodium, however, showed kinetic limitations due to the formation of a 

stable SEI. This explains why NaSICON materials with a stability window including low voltages are 

used at the anode side. NaSICON forms decomposition products with high voltage cathode materials. 

For the material with a slightly higher phosphorus content Na3.4Zr2Si2PO12 vs. Na3.4Zr2Si2.4P0.6O12 the 

oxidative stability was calculated to be 3.41 V vs. Na+/Na.48 The oxidative decomposition products were 

calculated to be ZrSiO4, O2, SiO2 and Zr2P2O9.  

To the knowledge of the author no calculations were performed for the precise composition of 

Na2.4Er0.4Zr0.6Cl6. Nevertheless the halide electrolyte Na3MeCl6 with Me = Er exhibits a structural sim-

ilarity and calculations revealed a high voltage window ranging from approximately 0.5 V to 4 V vs. 

Na+/Na.49 Even though it lacks stability with sodium metal, it shows great oxidative stability. Further-

more, the material Na2.25Y0.25Zr0.75Cl6 (NYZC) with yttrium instead of erbium50 also shows a stability 

window at comparably higher voltages and is successfully used in composites with high voltage cath-

odes. An insufficient anode stability for that NYZC halide is reported by Deysher et al.27  

Sulfide electrolytes show an overall small stability window as shown by Tian51 or Lacivita.24 For the 

reaction of Na3SbS4 with sodium metal, a chemical instability has been calculated,52 forming Na2S and 

Na3Sb which upon cycling leads to the formation of Sb53 at the anode. As Na2Sb and Sb are mixed 
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conducting materials, a MCI is formed degrading the electrolyte continuously. At the cathode, a chem-

ical instability forming Sb2S3 and S is calculated. 

A decomposition of the solid electrolyte forming a stable SEI/CEI, however, can be partially reversible 

if the appropriate potential range during cycling is chosen. Considering that most decomposition prod-

ucts are poor ionic conductors, an irreversible decomposition leads to a local increase in resistance at 

the SE|electrode interface. This in turn leads to a decrease in partial ionic conductivity within the com-

posite, a high overpotential reducing the “real” state of charge (SOC) of the active material from cycle 

to cycle and hence decreasing the ASSB cell performance.  

Chemical reactions  

Even if not electrochemically induced, interfaces can still undergo chemical reactions over time or tem-

perature. Literature on lithium sulfide electrolytes by Park et al.54 state that most SE interface reactions 

with the current collector or the carbon additives derive from the presence of functional groups on the 

surface. These functional groups are –OH groups, carbonates and water residuals.55 As these functional 

groups are limited, it can be assumed that most decomposition products at these interfaces are primarily 

formed through electrochemical decomposition. At the SE|CAM or the SE|anode interface, however 

chemical reactions can take place with or without additional functional groups as been heavily studied 

not only for lithium SSBs56–59 but also sodium-containing solid|solid interfaces.24,60  

A key issue that has to be considered is that experimental evidence of chemical reactions is often hardly 

distinguishable from electrochemical degradation as analytical methods can induce damage and decom-

position.  

The electrochemical and chemical reactions mentioned in this chapter lead to mostly undesired products 

which with a few exceptions lead to resistive interlayers. As mentioned above, these resistive interlayers 

impede sodium-ion transport and lead to a decrease in cycling performance. 

Protective layers  

Protective interlayers can be used if chemical or electrochemical reactions take place between the elec-

trode material and electrolyte as described above. With the usage of a protection layer, two new inter-

faces are formed. One from the protection layer towards the electrode material and one towards the 

electrolyte. Even though they do not necessary need to form a stable interface as described above, they 

should, however, at least form a stable interphase. Fundamental considerations for an appropriate coat-

ing, as well as coating methods and various material classes successfully used in lithium-based ASSBs 

are discussed by Culver et al.61 Derived from coating materials and strategies for Li-ASSBs62 as well as 

study on coatings for cathode materials for SIBs,63–66 research has recently found interest in coatings for 

Na-ASSBs.67  
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2.4. Chemo mechanical effects and mechanical considerations 

for all-solid-state-batteries  

In ASSBs, composite cathodes are employed due to inadequate ionic and electronic conduction of most 

cathode active materials. These composite cathodes comprise three components: an electron-conducting 

material (e.g. carbon), an ion-conducting material (SE) to facilitate contact with each redox-active par-

ticle, and a mixed-conducting material for cation diffusion within the particle.  

There are three main issues associated with cathode composites. The first issue as mentioned above is 

the consumption of charge carriers during the formation of a CEI. The second issue arises during the 

fabrication process of cathode composites, where the establishment of an efficient diffusion pathway is 

crucial. This requires achieving a homogeneous distribution of particles within the cathode through 

proper mixing and distribution procedures, as well as attaining the optimal volumetric ratio of 

SE/CAM/Carbon for efficient cycling.68,69 The third issue is the potential disruption of the percolation 

network in the cathode due to volume expansion of the active material during intercalation, cracking of 

the SE or insufficient distribution.  

The issues apart from chemical or electrochemical instabilities at the anode can be equally chemo-me-

chanic. Poor contact and void formation during stripping can lead to high transfer resistances. Further-

more, the void formation during stripping can lead to an increased current flow at the remaining contact 

points, facilitating dendrite growth during plating.  

To overcome these issues, it is essential to ensure a void-free and stable interface between the cathode 

composite materials as well as the separator electrolyte and the anode. If instabilities are present, a coat-

ing may be necessary. The solid electrolyte should possess sufficient flexibility/softness to compensate 

volume changes of the rigid cathode active materials. Additionally, the application of external pressure 

is required to ensure good contact during cycling. Alternatively, zero-strain cathode materials such as 

vanadium phosphates can be used, which, however, have lower capacities and are not addressed in this 

work. Lastly, achieving homogeneous mixing, as described earlier, is essential to address these chal-

lenges.  

 

2.5. Reference electrode  

A method to study the aforementioned causes for capacity fading is the incorporation of a reference 

electrode (RE). The necessity for a RE in battery cells lies in the fact that two-electrode measurements 

can hardly separate contributions from the cathode or anode. These contributions often overlap in meas-

urements such as impedance measurements. In battery cell testing for cells with liquid electrolyte the 
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use of REs is already very common. For the use in ASSB, however, the construction and positioning of 

the RE are the greatest challenges. Introducing a RE to a SSB cell without changing the cell geometry 

significantly, has been established by Hertle et al.70 

The RE used within this work is a tungsten wire with a gold coating which is covered by a tin layer 

representing the RE. To be correct this electrode is actually a pseudo-reference electrode. What is meant 

by that is, that a “real” reference electrode must have a defined potential, which is known without being 

measured in the system, and alternatively carry the same charge carriers as the electrode to which it 

refers. To create a real RE an in situ sodiation of the tin wire could be performed. In this work a stable 

potential for the sodiated tin RE was, however, not reached. Reasons could be that the phase diagram of 

sodium–tin shows several voltage plateaus during alloying. For fabrication and geometry reasons the 

amount of tin throughout the wire is a) not completely homogeneous and b) fairly low. This can lead to 

fast changes of phases while alloying. Furthermore, a reaction of the newly forming alloy during sodia-

tion of the tin alloy with the electrolyte could result in the depletion of sodium in the wire. The as 

mentioned reasons could lead to the unstable potential of the RE. The most important point for a RE, 

however, is a stable potential. This stable potential is reached in this work for an unsodiated tin electrode 

as can be seen in the supporting information of Publication 1. The fact that the potential of the RE only 

reaches a stable potential with time can be attributed to slow kinetics of the alloying at the surface of the 

RE or rather the SEI formation. 

More generally, the concept of a “pseudo” reference electrode is explained in the following. Considering 

first of all a symmetric sodium ion battery cell with a RE and liquid electrolyte (LE). Upon current flow 

one of the sodium metal electrodes oxidizes releasing sodium-ions and an electron:  

Na ⇌ Na+ + e− (3) 

The open circuit potential of the two sodium electrodes can be described by the Nernst equation:  

𝐸(Na) = 𝐸0(Na) +
𝑅𝑇

𝑧𝐹
ln(

𝑎(Na
+)

𝑎(Na)
) = 𝑐𝑜𝑛𝑠𝑡 (4) 

If the RE is a non-sodiated electrode such as a tin electrode, the following reaction can occur upon 

contact with the LE: 

Sn ⇌ Sn𝑛+ + 𝑛e− (5) 

And at the same time due to charge neutrality and with respect to the phase diagram (see Figure 3), at 

the same electrode:  

𝑛Na+ + 𝑛e− + 𝑚Sn ⇌ 𝑛NaSn6 + (𝑚 − 6𝑛)Sn (6) 

The open circuit potentials of these reactions are:  
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𝐸(NaSn6|Sn) = 𝐸0(NaSn6|Sn) +
𝑅𝑇

𝑧𝐹
ln(

𝑎(Na
+)

𝑎(NaSn6)
) (7) 

𝐸(Sn) = 𝐸0(Sn) +
𝑅𝑇

𝑧𝐹
ln (

𝑎(Sn
𝑛+)

𝑎(Sn)
) (8) 

However, they are not defined since the activity α of the sodium on the tin electrode and the activity α 

of the tin ions with the electrolyte is not known and very low and arises from impurities on the electrode. 

The following reaction can takes place during sodiation of the reference wire: 

Sn + 𝑛Na+ ⇌ Sn𝑛+ + 𝑛NaSn6 + (𝑚 − 6𝑛)Sn (9) 

Combining the potentials from equation (7) and (8) leads to the following voltage:  

∆𝐸 = ∆𝐸0 +
𝑅𝑇

𝑧𝐹
ln(

𝑎(Na
+)𝑎(Sn)

𝑎(NaSn6)𝑎(Sn𝑛+)
) (10) 

If the activity is high enough to induce a reaction such as alloying of the sodium into the reference tin 

electrode, a stable but unknown potential vs. the two sodium electrodes is expected.  

These assumptions are valid for cells with LEs. For solid electrolytes, two additional aspects have to be 

taken into account. Considering that SEs do not have a charge charrier concentration gradient this would 

imply that a depletion of sodium ions at the RE|SE interface occurs, creating additional voids and chang-

ing the hopping mechanism of the ion migration. As this depletion can only be marginal due to charge 

neutrality, this phenomenon would only occur at the RE|SE interface and since the activity is low this 

will not change the overall bulk conductivity of the electrolyte. Considering that for charge neutrality 

the tin ions would have to “diffuse” into the electrolyte, the probability of a side reaction at the interface 

forming the stable but undefined potential is very likely.  

A 

 

B 

 

Figure 6: A) Representative symmetric sodium all-solid-state battery cell with a tin reference electrode, 

two sodium electrodes, a solid electrolyte (turquoise). The interphase area (light orange) here labelled 
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solid electrolyte interface (SEI) at the reference electrode that must be depleted from sodium ions and 

enriched with Snn+ ions. B) Representative symmetric sodium ion battery cell with a reference electrode, 

two sodium metal electrodes, a liquid electrolyte (light turquoise) with an increased concentration of 

ions at the electrochemical double layer.  

 

2.6. Analytical tools and their limits for sodium solid-state bat-

tery studies 

2.6.1. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy is a powerful tool to measure non-destructively in situ changes 

in the resistance of the studied probe. However, the interpretation of the retrieved impedance data ne-

cessitates a good knowledge of the studied system. The more complex the system the more information 

intermix which can create false conclusions. Even if the processes contributions to the impedance cannot 

be resolved, a quantitative analysis of the spectrum can serve diagnostic purposes giving insight into 

changes of the probe. This chapter will provide helpful information to understand the use of the imped-

ance measurements within this work.  

During an impedance measurement, a small periodic sinusoidal voltage signal is applied to a system. It 

is essential that the system remains stable throughout the course of the measurement to accurately meas-

ure the relationship between the signal and the response. If a degradation process is, however, studied, 

this is not given. Especially for a long signal input, ergo low frequencies, the sample can a) experience 

changes on its own which are then difficult capture and b) might be influenced by even the long input 

time.  

 

Figure 7: Exemplary sketch of a symmetric cell setup with the crystal structure of the used sulphur based 

solid electrolyte and the hopping mechanism of the Na+ ions. The upper and lower wave represent the 

sinusoidal voltage signal input upon impedance measurement with high (upper) and low (lower) fre-

quencies. Additionally the representative trajectory of Na+ ions in one wavelength is symbolised by the 

arrows explaining a stronger influence of the cell with low frequency.  

Apart from degradation processes, also open voltage relaxation after current flow can lead to significant 

changes within a measurement, especially at low frequencies. The appropriate amount of relaxation time 

until the system reached an equilibrium has to be added after current flow and prior to the impedance 
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measurement. Depending on the voltage drop this, however, signifies that the resistance measured is not 

necessary the one of the cell at the moment the current was stopped.  

Upon cycling and consecutive impedance measurements after each charge and discharge step, not only 

the aforementioned degradation products or contact losses can change the impedance but the state of 

charge alters the resistance as well. Reason is the hopping probability on sodium-ions in the electrode 

material. TMO intercalation CAMs are synthesized in the sodiated state. A galvanostatic intermittent 

titration technique (GITT) where sodium ions are removed from the active material and reinserted step-

wise can clearly show this phenomenon. The sodium-ions within the lattice are kinetically hindered and 

with increasing depletion hopping gets easier. Once a threshold is reached the hopping mechanism slows 

down due to the deficiency of available sodium-ions for hopping.  

Three electrode impedance measurements  

 

Figure 8: Exemplary sketch of reference full cell with included impedance spectra. The anode in this 

example would only have a contribution from the SE|Anode interface with an additional offset due to 

the bulk SE resistance. The cathode impedance is depicted with an offset due to the bulk SE resistance 

and at least 2 additional contributions, e.g. SE|CAM interface and constriction. 

Apart from three electrode measurements, the separation of processes can be achieved by changing the 

samples to a measurable extent. This can be the thickness of a layer, the use of either blocking or non-

blocking electrodes or via the use of temperature as certain processes have different activation energies.  

The processes described within this work are 

a) Interfaces – fitted by a R-CPE element (R = Resistor, CPE = Constant Phase Element). 

b) Interphases – fitted by two R-CPE elements if the bulk resistance of it cannot be resolved. 

c) Diffusion – fitted by a CPE, as anomalies such as electrode morphologies lead to values that 

differ from the −0.45° for the classical Warburg element used to fit diffusion.  

d) Electronic conductivity – fitted by an R-CPE element if ion blocking electrodes are used or R 

if electronic blocking electrodes are used.  
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e) Ionic conductivity of solid electrolytes – fitted by an R-CPE element if ionically blocking and 

by an R if non-blocking. 

The latter process is a good example of why single measurements can hardly give enough information 

to extract all information from a single impedance spectrum. Knowledge of the impedance of the bulk 

solid electrolyte from Figure 9A can give valuable information for fitting a spectrum of a symmetrical 

cell with additional electron conducting electrodes. The interface between the SE and sodium can hence 

be determined more precisely. 

  

A  

 

B 

 

Figure 9: Comparison of impedance measurements of a SE electrolyte with electron blocking electrodes 

giving the clear magnitude of the resistance and the behavior in a cell with non-blocking electrodes. The 

measurement with blocking electrodes can be used to fit the impedance of the symmetrical cell where 

only the contributions from the charge transfer between the electrodes and the SE is visible. 

2.6.2 Surface analysis via XPS, ToF-SIMS, EDX 

Figure 10 clearly shows that some of the analysis techniques used within this work (coloured) are more 

suited to detect degradation products at the interface than others. Whereas X-ray diffraction (XRD) can 

detect structural changes the detection limit for most interface reaction products is too small. X-ray 

photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

analysis with a resolution suitable for interface reactions are surface sensitive methods that can expand 

their penetration depth via sputtering. Depending on the material, the energy input during sputtering can 

generate enough energy to cause reactions and may falsify the analysis of degradation products caused 

through chemical or electro-chemical reactions prior to analysis. Sputtering a reference material can be 

one method to avoid these pitfalls. In ToF-SIMS analysis, the collision cascade can introduce fragments 

that are typical of degradation products, which in the individual reference materials would not be de-

tected. Therefore, trends between two samples of the same composition, such as a cycled and an 

uncycled composite, can strongly indicate whether the detected fragment is a reaction product or induced 

by the collision cascade. For a comprehensive overview of the constraints associated with the investi-

gation of cathode composites via XPS and ToF-SIMS, the dissertation by Felix Walther is to be con-

sulted. 
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Figure 10: In colour, the analysis techniques – ToF-SIMS, XPS, XRD, SEM, energy-dispersive X-ray 

spectroscopy (EDS or abbreviated EDX in this work) – used within this work to study in situ and post 

mortem degradation processes, structural and morphological properties. Modified from © Eurofins Sci-

entific (www.eurofinsEAG.com) 

Together with SEM imaging, energy-dispersive X-ray spectroscopy (EDX) is a fast and easily available 

analysis technique to retrieve elemental information of a sample. The penetration depth of the incident 

beam is dependent on the voltage. The higher the voltage, the deeper the information can be extracted 

from the material by the incident beam. The elemental information is dependent on the energy that is 

released in form of X-rays, also called radiation energy, that the relaxation of an electron from an outer 

shell to an inner shell emits. This relaxation takes place as an electron hole is filled where an electron 

was ejected by the incident beam. Elements such as zirconium with 2.042 eV for the Lα radiation and 

phosphorus with 2.013 eV for the Kα radiation have close to identical radiation energy and are therefore 

hardly distinguishable. To detect the Kα radiation energy of zirconium one would have to increase the 

incident beam voltage to more than 15.776 kV which would increase the penetration depth and decrease 

the resolution significantly. It is therefore not possible to distinguish between a surface layer of Na3PO4 

or NaxZryPzO by EDX analysis, the relevance of which will be demonstrated in the first publication.    
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3. Results and Discussion (Publications) 
 

At the beginning of this work studies on full cell sodium all-solid-state batteries have been scarce. The 

individual cell components such as solid electrolytes, cathode active materials for liquid based cells as 

well as alloy materials, however, had been increasingly researched. As the lithium solid-state battery 

counterpart has attracted increasing interest even in industry the case study for the more complex sodium 

system became the aim of this work. 

The two following chapters introduce the two publication providing the base for this doctor thesis. They 

each lay focus on different parts of the sodium all-solid-state battery both studying primarily the inter-

face reactions via analytical and electrochemical methods. The first publication sheds light on the reac-

tions at the interface of sulfide-based solid electrolytes and oxide-based electrolytes with sodium metal 

or a sodium-tin alloy anode, primarily in half cells. The second publication emphasizes on the cathode 

side and the reactions at the interface with sodium oxide cathode active materials with sulfide-based or 

halide-based electrolytes.  

3.1. Protective NaSICON Interlayer between a Sodium–Tin Al-

loy Anode and Sulfide-Based Solid Electrolytes for All-Solid-

State Sodium Batteries (1st Publication) 

In this publication the strong capacity fading of a full cell with the configuration Na–

Sn|Na3SbS4|Na2.4Er0.4Zr0.6Cl6:Na0.66Fe0.4Mn0.5Mg0.1O2:C65 is investigated. One of the reasons is the re-

action of the sulfur-based electrolytes Na3SbS4 and Na2.9Sb0.9W0.1S4 with the sodium-tin anode studied 

via impedance spectroscopy and X-ray photoelectron spectroscopy. The introduction of an oxide-based 

NaSICON solid electrolyte between the sulfide separator and the anode leads to a blocked degradation 

inducing a stable resistance. However, the NaSICONs mechanical rigidity and at the same time the need 

to apply high pressure, to ensure a good contact within the cathode, does not lead to an increased cycling 

stability.  

The experiments presented in this publication were designed and executed by the first author under the 

supervision of F. H. Richter and J. Janek. P. Till synthesized the sulfide electrolytes, Rietveld-refined 

the Na-Sn material and fitted all remaining XRD data with Pawley-fits obtaining the lattice parameter 

and space group under the supervision of W. G. Zeier. N. Nazer synthesized the cathode active materials 

and prepared a reference liquid electrolyte cell provided in the supporting information for the 

Na0.66Fe0.4Mn0.5Mg0.1O2 cathode active material under the supervision of P. Adelhelm. M. Bhardwaj 

synthesized the NaSICON disks and provided the cross section SEM image as well as the density char-

acterization in the supporting information under supervision of F. Tietz.  

This study was part of the NASEBER project funded by the BMBF.  
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Reprinted with permission from L. E. Goodwin, P. Till, M. Bhardwaj, N. Nazer, P. Adelhelm, F. Tietz, 

W. G. Zeier, F. H. Richter and J. Janek. Protective NaSICON Interlayer between a Sodium–Tin Alloy 

Anode and Sulfide-Based Solid Electrolytes for All-Solid-State Sodium Batteries, ACS Appl. Mater. 

Interfaces, 2023, 15, 50457-50468, DOI: 10.1021/acsami.3c09256. 



3. Results and Discussion (Publications) 

25 
 

 



3. Results and Discussion (Publications) 

26 
 



3. Results and Discussion (Publications) 

27 
 



3. Results and Discussion (Publications) 

28 
 



3. Results and Discussion (Publications) 

29 
 



3. Results and Discussion (Publications) 

30 
 



3. Results and Discussion (Publications) 

31 
 



3. Results and Discussion (Publications) 

32 
 



3. Results and Discussion (Publications) 

33 
 



3. Results and Discussion (Publications) 

34 
 



3. Results and Discussion (Publications) 

35 
 



3. Results and Discussion (Publications) 

36 
 

  



3. Results and Discussion (Publications) 

37 
 

3.2. Halide and Sulfide Electrolytes in Cathode Composites for 

Sodium All-Solid-State Batteries and their Stability (2nd Publi-

cation) 

In this work the reason of the capacity fading of Na–Sn|Na3SbS4| 

Na3SbS4:Na0.66Fe0.4Mn0.5Mg(/Ti)0.1O2:C65 is studied focusing on influences of the cathode. Upon first 

electrochemical cycling experiments together with impedance measurements the high resistance leading 

to a lack of cyclability was detected. Using TOF-SIMS and XPS measurements the reason for this high 

resistance was exposed which is the reaction of the Na3SbS4 with the cathode active material. A change 

in catholyte to the less ion conductive Na2.4Er0.4Zr0.6Cl6 proved the degradation of Na3SbS4 to be the 

main problem. Even though studies from the first publication showed an unstable anode, the 3-Electrode 

measurement shows the primary problem to be still in the cathode. Studies of the halide-based catholyte 

after cell cycling with the oxide based cathode active material showed the formation of an iron-chloride 

species which, however, cannot be identified as the reason for the capacity fading but might be a stable 

SEI. Three studies to make an effort to improve the cycling performance were made. 1. Introducing 

vapor grown nano fibers to increase the percolation pathway in the cathode which showed a worse per-

formance probably due to an insufficient electronic contact. 2. Increase the temperature to 60°C to im-

prove the ionic conductivity of the catholyte which showed a worse performance probably to an in-

creased reaction at the anode. 3. Include/exclude the redox-activity of manganese by choosing different 

lower cut-off voltages. That showed the instability and probably phase transformation of the cathode 

active material upon use of manganese as a redox partner as the capacity fading was much stronger for 

these cells.  

The experiments presented in this publication were designed and executed by the first author under the 

supervision of F. H. Richter and J. Janek. M. Ziegler helped in the fabrication of cells for the case study 

testing the same cell to different lower cut-off potentials. P. Till synthesized the sulfide electrolytes 

under the supervision of W. G. Zeier. N. Nazer synthesized the cathode active materials under the su-

pervision of P. Adelhelm.  

This study was part of the NASEBER project funded by the BMBF and the POLiS Cluster of Excellence.  

Reprinted with permission from L. E. Goodwin, M. Ziegler, P. Till, N. Nazer, P. Adelhelm, W. G. Zeier, 

F. H. Richter and J. Janek. Halide and Sulfide Electrolytes in Cathode Composites for Sodium All-Solid-

State Batteries and their Stability, ACS Appl. Mater. Interfaces, 2024, DOI: 10.1021/acsami.4c01652 
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4. Conclusion and Outlook 

The study of sodium all-solid-state batteries with sodium tin alloy as the anode and transition metal 

oxides as the cathode active material has provided valuable insights into the intricate interplay of various 

components within the battery system. Employing advanced analytical techniques such as X-ray photo-

electron spectroscopy, time-of-flight secondary ion mass spectrometry and scanning electron micros-

copy, we aimed to elucidate the nuances affecting the overall cycling performance and identify weak 

points in the system.  

One of the key advantages of all-solid-state batteries lies in their potential to employ different electro-

lytes not only as catholyte but also as a separator. This flexibility allows for customization of the battery 

architecture, presenting an opportunity to enhance performance and address specific challenges. 

Throughout our investigation we employed two distinct electrolytes as catholyte (Na3SbS4 and 

Na2.4Er0.4Zr0.6Cl6) and two as separator (Na3SbS4 and Na2.9Sb0.9W0.1S4), while also introducing Na-

SICON (Na3.4Zr2Si2.4P0.6O12) as a protective layer.  

Our findings revealed a marked differentiation in the performance of sulfide and halide catholytes. The 

sulfide catholyte Na3SbS4 exhibited severe degradation upon contact and cycling with transition metal 

oxide cathode active materials analogous to cells with lithium sulfide solid electrolytes. Conversely, the 

halide catholyte Na2.4Er0.4Zr0.6Cl6 demonstrated higher stability when in contact with transition metal 

oxide cathode active materials, with only minor degradation products detected.  

The investigation into separator materials Na3SbS4 and Na2.9Sb0.9W0.1S4 revealed reactions with the so-

dium-tin alloy anode over time highlighting a critical issue that could compromise the long-term stability 

of the battery. The introduction of NaSICON as a protective layer proved to be effective in stabilizing 

the separator materials, emphasizing the importance of thoughtful design in achieving robust all-solid-

state batteries.  

Battery cycling experiments underscored the significance of cut-off potentials, revealing the delicate 

balance required for optimal performance. Our work, while providing valuable insights into the current 

state of sodium all-solid-stat batteries, also illuminated the challenges associated with achieving ultimate 

sodium solid electrolytes possessing high ionic conductivity and redox stability, especially when cou-

pled with high voltage cathodes.  

Looking ahead it is evident that there is a demand for stable composites, not just individual components 

with enhanced properties. The emphasis should be on developing the synergy among these components, 

a crucial factor that must be carefully considered for the success of a sodium all-solid-state battery. 

Currently, the “NaSICON” materials are still too rigid and thick. Excessive thickness results in both 

volumetric and gravimetric energy density loss, as NaSICON serves “only” as a separator material or 
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protective anode layer without actively participating in the cell reaction. Therefore, for industrial appli-

cations of all-solid-state cells, NaSICON materials are not yet suitable. A potential solution could in-

volve the usage of thinner sheets, which, however, make the processability even more challenging or to 

increase the binder content in electrodes to incorporate NaSICON materials. Despite their advantageous 

high ionic conductivity, sulfide electrolytes react heavily with the sodium anode materials and high 

voltage cathode materials tested in this study. The use of a NaSICON sheet as a separator or anode 

protection opens up the possibility of using sodium metal as an anode material, thereby increasing the 

energy density. While sulfide electrolytes possess the required softness to make excellent catholytes, the 

unavoidable need to coat especially the cathode active materials arises. In comparing halide and sulfide 

electrolytes, a significant advantage of sulfides lies in their cost-effectiveness and abundance of elements 

compared to the elements currently used in halide materials. A substantial effort is required to enhance 

the ionic conductivity of halides to make them competitive with sulfides in all-solid-state batteries. Ad-

ditionally, a more thorough investigation into the stability of halides is necessary since the exact nature 

of their reaction at the cathode is not entirely certain from the conducted experiments. It is crucial to 

determine whether a stable cathode–electrolyte interface or a mixed conducting interface at the cathode 

is formed, as the latter could lead to long-term capacity fading. In terms of engineering aspects of sodium 

all-solid-state cells, a deeper understanding of the importance of particle sizes, especially in cathode 

composites, is necessary. Furthermore, studies on the necessary pressures to compensate for volume 

changes, as well as investigations into the morphologies of sodium alloys a sodium metal during strip-

ping and plating, are essential for future developments.  
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5.1. Supporting Information Publication I 
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5. Appendix 

81 
 

1. 



5. Appendix 

82 
 



5. Appendix 

83 
 



5. Appendix 

84 
 



5. Appendix 

85 
 



5. Appendix 

86 
 



5. Appendix 

87 
 



5. Appendix 

88 
 



5. Appendix 

89 
 



5. Appendix 

90 
 

  



6. List of Abbreviations 

91 
 

6. List of Abbreviations 

ASSB All-solid-state battery  

BEV Battery electric vehicles 

CAM Cathode active material 

CB Conduction band 

CE Counter electrode 

CEI Cathode–electrolyte interphase 

CPE  Constant phase element 

DFT Density functional theory 

GITT Galvanostatic intermittent titration technique 

HOMO Highest occupied molecular orbital 

EDS/EDX Energy-dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

LE Liquid electrolyte 

LIB Lithium-ion battery 

LMIG Liquid metal ion gun 

LUMO Lowest unoccupied molecular orbital 

MCI Mixed conducting interphase 

Me-ASSB Metal all-solid-state battery 

NaSICON Sodium superionic conductor  
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Na-ASSB Sodium all-solid-state battery 

NEZC Na2.4Er0.4Zr0.6Cl6 

NFM Na0.66Fe0.5Mn0.5O2 

NFMM Na0.66Fe0.4Mn0.5Mg0.1O2 

OCV Open-circuit voltage 

PEEK Polyether ether ketone 

R Electric resistance 

RE Reference electrode 

SE Solid electrolyte 

SEI Solid electrolyte inteface/interphase 

SEM Secondary electron microscopy 

SI  Supporting information 

SIB Sodium-ion battery 

SOC State of charge 

TMO Transition metal oxide 

ToF-SIMS Time-of-flight secondary ion mass spectrometry 

VB Valence band 

VGCF Vapor grown carbon fibers 

WE Working electrode 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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7. List of Symbols 

a [-] Activity 

C [-] C-rate 

E [V] Electrode potential 

𝐸⃑  [V∙m─1] Electric field 

E0 [V] Standard electrode potential 

Ea [J∙mol─1] Activation barrier 

Eg [eV] Energy gap 

F [s∙A∙mol─1] Farraday constant 

f [Hz] Frequency 

I  [A] Current 

𝐽  [A∙m─2] Current density 

kB [J∙K─1] Boltzmann constant 

µ̃e- [V] Electrochemical potential  

ρ [g∙cm─3] Density 

R [J∙mol─1∙K─1] Gas constant 

σ [S∙cm─1] Electrical conductivity 

σe [S∙cm─1] Electronic conductivity 

σi [S∙cm─1] Ionic conductivity  

σi
0 [s─1] Pre-exponential factor 
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T [K] Temperature 

tNa+ 
[-] Transference number of sodium 

tLi+ 
[-] Transference number of lithium 

U [V] Voltage 

Wvol 
[J∙m─3] Volumetric energy density 

Wgrav 
[J∙g─3] Gravimetric energy density 

Z [Ω] Impedance 

z [-] Number of electrons  
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